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Welcome to Chiba Symposium!

The organising committee is very grateful to you for joining
this Third International Symposium on Acoustic Wave Devices
for Future Mobile Communication Systems in Chiba. We really
take your participation as a great honor.

The symposium was initially planned to return university
academic fruits to worldwide society by offering researchers
and engineers a platform of this sort to discuss the most recent
developments, common interests and future trends in acoustic
wave device technologies and their related fields. Thinking
back to the last two symposia held in 2001 and 2004, we are
convinced that both of them were a complete success with
nearly 200 participants each, a quarter of which being from
overseas. In addition to a significant impact and academic
importance provided, human relationships fostered throughout
the symposia should have been most valuable for the
researchers and engineers participated, which may be
everlasting and contribute a great deal to their future work.

Acoustic wave devices have established their present status, in particular, as indispensable
ingredients in “mobile phones”. Entering ubiquitous society, however, we need the creation of new
concepts of acoustic wave devices as well as further evolution and breakthroughs to maximise their
performance with minimised physical size and weight, should they become real indispensable
ingredients in “mobile information communications”. This may be dealt only by true cooperation
amongst researchers and engineers all over the world.

Because of the success of the last two symposia and changes in circumstances surrounding the
acoustic wave device technologies, the university headquarters is happy to hold and support this
symposium, which also meets the university policy of expanding international academic exchanges.

We trust that this symposium will provide an opportunity to expand human relationships and
mutual cooperation as well as a useful source for research and development of acoustic wave device
technologies.

The organising committee deeply indebted to Chiba University and Venture Business Laboratory
of Chiba University for their sponsorship, and to the Murata Science Foundation and NTT DoCoMo,
Inc. for their financial support.
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Masatsune Yamaguchi
Chairman of the Organising Committee
Professor EEE, Chiba University




| Tuesday, 6th March\

Opening Remarks
9:50 M.Yamaguchi, Chiba University

1A New Svstems and Architectures in Mobile Communications (Chair: K. Hashimoto)

10:00 Transmitter System Using Polar Modulation for Mobile Applications
E.McCune, Panasonic Emerging Advanced Radio Laboratory
10:30 Mixed Analog and Digital Calibration Techniques in RFICs
S.Tanaka, Y.Akamine, K.Maeda, M.Kawabe and T.Yamawaki
Central Research Labs, Hitachi Ltd.
11:00 CMOS and SAW RFID Tags at UHF-Frequencies
R.Weigel”, K.Seemann" and L.Reindl”
1)University of Erlangen-Nuremberg, 2)University of Freiburg
11:30 Ultra-Low Power UWB Wireless Communication System Using SAW Matched
Filters
T.Sato, T.Sugiura, E.Otobe, K.Tanji, N.Otani and M.Hasegawa
Samsung Yokohama Research Institute

1B SAW Sensors (Chair: R. Weigel)
13:00 SH-SAW Sensor for Chemical Applications

J.Kondoh, Shizuoka University

13:30 Liquid-Phase Sensor Using SH-SAW on Quartz
H.Yatsuda and T.Kogai, Japan Radio Co. Ltd.
14:00 Passive, Wireless, Orthogonal Frequency Coded SAW Sensors and Tags -Design

and Systems
D.C.Malocha, D.Puccio and N.S.Lobo, University of Central Florida
14:30  MEMS-Based SAW Devices

J.H. Kuypers, A.B.Randles, M.E.Schmidt, S.Tanaka and M.Esashi
Tohoku University

1C Optical Techniques for SAW/BAW Characterization (Chair: D. Malocha)

15:30 High-Speed and Phase-Sensitive Laser Probe System for SAW Device
Characterization
K.Hashimoto, H.Kamizuma, T.Omori and M.Yamaguchi, Chiba University
16:00 Absolute Measurement of Surface Vibrational Distributions in Acoustic Wave
Devices Using Laser Speckle Interferometer Technique

Y.Watanabe, S.Goka, T.Sato and H.Sekimoto, Tokyo Metropolitan University

16:30 Picosecond Laser-Based Surface Acoustic Wave Probing
0O.B.Wright, Hokkaido University

21

31

37

43

47

57

69

75

81



|Wednesday, 7th March\

9:00

9:30

10:00

11:00

11:30

12:00

2A Recent RF BAW Technologies (Chair: M.A. Dubois)

Bringing BAW Technology into Volume Production: The Ten Commandments
and the Seven Deadly Sins

R. Aigner, Triquint Semicnoductor

An Air-Gap Type FBAR Filter Fabricated Using a Thin Sacrificed Layer on a
Flat Substrate

S.Taniguchi, T.Yokoyama, M.Iwaki, T.Nishihara, M.Ueda and Y.Satoh

Fujitsu Laboratories, Ltd.

Hybrid SAW/BAW System-in-Package Integration for Mode-Converting

Duplexers
S.Marksteiner, D.Ritter, E.Schmidhammer, M.Schmiedgen and T.Metzger
EPCOS AG

2B Integration of RF BAW Devices (Chair: R. Aigner)

Wafer Level Packaging (WLP) of FBAR Filters
R.Ruby and L.Kekoa, Avago Technologies
BAW Devices and Integration into System-in-Package (SiP)
A.B.Smolders, J.W.Lobeek, N.J.Pulsford and F.E. van Straten
NXP Semiconductors
Above-IC Integration of BAW Resonators and Filters for Communication
Applications
M.A.Duboisl), Ch.Billardz), G.Paratz), M.Aissi3), H.Ziad4), J-F.Carpentiers) and
K.B.Ostman®”, 1)CSEM, 2)CEA-LETI, 3)LAAS-CNRS, 4) AMI Semiconductor
5) ST Microelectronics, 6) University of Technology, Tampere

85

93

97

101

105

111

2C Thin Films and Processes for High Performance BAW Filters (Chair: M. Yamaguchi)

13:30 High-Q Thin Film Bulk Acoustic Wave Resonator and Tunable MEMS Capacitor 117

14:00

14:30

15:30

16:00

16:30

using Highly Oriented Aluminum Electrode
T. Kawakubo", K.Itaya® and R.Ohara®, 1)Toshiba Research Consulting Corp.
2)Corporate Research and Development Center, Toshiba Corp

Withdrawn

Basic Deposition Process and Ferroelectric Properties of Stress Free Pb-Based
Ferroelectric Thin Films of Perovskite Structure
K.Wasa, [.Kanno, T.Mino, S.Kuwajima K.Suzuki and H.Kotera, Kyoto University

2D Modern SAW Duplexers (Chair: G. Kovacs)

Some Recent Advances in SAW Duplexers and PA Duplexers Modules
M.Solal, PAGirard, M.Aguirre, A.Bayram, C.Carpenter, F.Sinnesbichler,
K.Cheema, S.Malocha and B.Abbott, Triquint Semiconductor
Advancement of SAW Duplexers by using SiO,
R.Takayama, H.Nakanishi, Y.Iwasaki and H.Nakamura
Panasonic Electronic Devices Co.,Ltd
Small SAW Duplexer for W-CDMA Full-Band with Good Temperature
Characteristics
M.Kadota, T.Nakao, K.Nishiyama, S.Kido, M.Kato, R.Omote, H.Yonekura,
N.Takada and R.Kita. Murata MFG. Co., Ltd.

125

131

139

145



|Thursday, 8th March‘

9:00

9:30

10:00

11:00

11:30

12:00

12:30

3A New Structure and Packaging Technologies for SAW Devices (Chair: M. Solal)

Prediction and Measurement of Boundary Waves at the Interface Between
LiNbOj3 and Silicon
S.Ballandras, V.Laude, H.Majjad, W.Daniau, DGachon and E.Courjon, FEMTO-ST
Low-Loss and Extremely-Wideband SAW Filters on a Cu-Grating/Rotated-
YX-LiNbO; Structure
T.Omori, K.Hashimoto and M.Yamaguchi, Chiba University
Miniaturized SAW Package with Hermetic Performance
O.Ikata, Y.Kaneda, S.Ono, K.Sakinada, O.Kawachi and Y.Tanimoto
Fujitsu Media Devices, Ltd.

3B Integrated Functional SAW Modules (Chair: O. Ikata)
Development of Monolithic CMOS-SAW Oscillator
M.Furuhatal), A.Yajimal), K.Gotol), H.Satol), T.Funasakal), S.Kawanol),
S.Fujii"”, T.Hgiuchi”, M.Ueno", T.Karaki® and M.Adachi®
1)SEIKO EPSON Co., Ltd., 2) Toyama Prefectural University
RF Front-Ends for Multi-Mode, Multi-Band Cellular Phones
U.Bauernschmitt, C.Block, P.Hagn, GKovacs, E.Leitschak, A.Przadka
and C.C.W.Ruppel, EPCOS AG
Wafer Level Packaging of SAWs Enables Low Cost 2.5G and 3G Radio Modules
B.Wilkins, RFMD

Closing Address

K.Hashimoto, Chiba University

151

157

163

167

171

179



Transmitter System Using Polar Modulation for Mobile Applications

Earl McCune

Panasonic Emerging Advanced RF Laboratory
Santa Clara, California USA
emccune@research.panasonic.com

Abstract — Asmultimode becomes a more common product
requirement, cost and efficiency are also becoming much more
important. Starting from a maximum efficiency circuit, we
derivethat polar modulation isthe natural transmitter structure
to realize multimode signalling. M easurements of prototype
polar transmittersare provided to validate the predictions.

[. Introduction

For many reasons, mobile wireless devices must now operate
using multiple signal types. These reasons include the use of
different services (voice and/or data) at different times, and
having the cellular infrastructure environment change in a
new location. These signal types include both constant-
envelope (e.g. GSM, Bluetooth, etc.), and envelope-varying
(e.g. EDGE, (W)CDMA, OFDM, QAM, etc.) characteristics.
Because the envelope-varying signals conventionally require
linear RF circuitry to properly generate them, they are often
caled ‘linear signals'.

Itisvery well known that a conventional linear amplifier will
exhibit good linearity at low efficiency (DC in to RF out), or
good efficiency at compression where linearity is very poor.
Much of radio engineering for the last several decades has
been spent trying to reconcile these opposing characteristics,
intent on realizing good circuit linearity while simultaneously
exhibiting good efficiency.

In addition, the cost of this reconciliation must be very low
because modern GSM mobiles have set the size, weight, cost,
operating temperature, and battery life expectations of over
one billion (10°) consumers. Consumers are not interested in
the radio technology used within their mobile device. But
compared to the compressed (and therefore efficient) RF
transmitter in GSM mobiles, the linear RF transmitter needed
for higher bandwidth-efficient signals are much more
expensive to design and produce. The challenge to the RF
engineering community isvery clear.

Traditonal RF engineering begins with linear circuitry, and
then modifications are worked on to improve efficiency. This
paper presents an opposite approach — begin with efficient,
compressed RF circuitry, and work out designs to improve
linear performance. The result is a change to polar
coordinate signal processing, while keeping all RF circuitry
fully compressed. Even though some aspects of polar
modulation date back to before 1920 [1], the technique is
gaining popularity as more engineering teams tackle this
‘linear and also efficient’ problem. [2] [3] [4] [5] [6] [7]

This paper is structured as follows. Following this
introduction, section Il derives the polar signal processing
conversion of the efficiency-based transmitter. Section Il1
presents Performance measurements from this transmitter.
Finally, conclusions are drawn.

I1. Efficiency Based Architecture Derivation
To begin, we review some important characteristics of linear
amplifiers when operated toward compression. The first
concept that must be re-examined is the concept of gain.

In alinear amplifier, the transfer function is simply
y=ax . D
There are two ways to interpret gain from this transfer

function. Thefirst is to take the first derivative of the output
with respect to the input, referred to as the differential gain

[8]
g, (%) :diy(x> =a, . @
X

A second way to interpret gain is to take the ratio of the
output over the input, referred to as the ratiometric gain

g.(0=22=4 . &)
X

Clearly, both the differential (2) and ratiometric gain (3)
evaluate to the same value in thislinear case. But they differ
greatly when nonlinear operation is encountered. This
differenceis shownin Figure 1.
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Reviewing Figure 1, it is seen that the differential gain goes
to zero when the amplifier enters clipping. However, the
ratiometric gain never goes to zero because the output signal
is never zero. Ratiometric gain does drop when the input

signal continuesto grow after the output reaches compression.

It isimportant to keep these gain definitions clearly separated
because they represent very different effects. Differential
gain represents the waveform distortion of the amplifier, and
therefore its effective linearity

1d o _
y(X)=_|l_ka=oa"X =g, tax+D Xx<x (4a)
t Yiax X3 X,
I 3
) + k k-1 <
gan =1 T AT XX g
f o X3 X,

This is not equivalent to the usual gain measurement
performed in an RF laboratory, where gain is often taken as
the difference of output power and input power measured in

dBm
G _Pout F>| _1O|(g(pout)_10|cg(pin)
=lO|0ga€pOUt (5)
Pin @
A,
:1OIogg R ~ = 20logou?
Q in IZJ
e /R z

which we see isaratiometric gain.

When the transmitter design starting point is the maximum
efficiency operating condition of the amplifier, we get the
condition shown in Figure 2. The amplifier is operating just
into the output clipping region.
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Figure 2. Amplifier maximum efficiency operating condition

Operating in this condition, the differential gain is equal to
zero. The amplifier isno longer acting as a controlled current
source, but rather as a switch. This shift is modeled as shown

in Figure 3.
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Figure 3. When thedifferential gain is zero, the RF circuit
model transformsfrom a controlled current sourceto a switch.

Current through the load is governed by four terms. Two
relate to the circuitry external to the transistor, the load
resistance R, and the power supply Vcc . The remaining two
parameters are transistor related, which are the conducting
ON resistance Reeon, and the device DC offset voltage (if
any) Vamo - When the design conditions of this amplifier
meet the criteria Reeon << R. and  Vamo << V¢, then we
see that the load current is independent (to first order) of the
transistor characteristics. This directly implies very stable
operation over manufacturing, temperature, and aging, which
is confirmed by extensive measurements.

But how do we use such a circuit? Clearly the differential
gain is zero, so it is essentialy a limiter and has no linearity.
It is seen though that there are still two degrees of freedom in
the signal processing of this circuit, which are sufficient to
realize all of the desired signals.

If we postulate that time can be manipulated, then we can

" costult- D) = cosft o))

It is then observed that time manipulation is equivalent to
phase modulation when

f (t) =w>0lt) @
Time manipulation is the variation of the opening and closing

times of the switch in Figure 3. Thus, phase modulation
passes through this circuit without change.

The second degree of freedom relatesto the current that flows
through the switch. Assuming for simplicity a aero transition
time for the switch between OFF and ON states in each
direction we can write the load current as

0= (oo 0



Following bandpass or lowpass filtering to remove the carrier
harmonics from the switch and using (7) this becomes the
standard signal equation

(0= V%(t)xaos(wt +1 (1)) = altjcosfat +f (£) ©

which is in polar coordinates. The magnitude coordinate is
controlled by varying the power supply to the switch, and the
phase component is controlled by varying the time that the
switch actsby closing and opening.

Basing a transmitter on switching circuits lends itself
naturally to CMOS implementation, since a CMOS gate is
one of the best switch circuits ever devised. One block
diagram of such a transmitter is shown in Figure 4. Much of
the transmitter is transformed from linear RF CMOS circuit
designsto adigital logic state machine.
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This circuitry is common to all modes — including the GSM-style PA

Figure4. Polar transmitter based on switch cir cuits

Besides being manufacturable in low cost digital CM OS,
having the transmitter implemented as a state machine also
naturally lendsitself to multimode operation. Thisisadirect
consequence from the fact that a state machine does not care
what the numbers are that it is manipulating. If the input
signal coordinates represent GSM, then a GSM signal will be
generated. Similarly, if theinput signal coordinates represent
OFDM, then the output signal will be OFDM.

Perfor mance M easur ements
Several polar transmitters following the block diagram of
Figure 4 have been built and tested. One set of tests is the
actual multimode capability, meaning how many signal types
can be generated using this one design. To date, over 10
different signal types have been realized with this one design.
A subset of six of these signalsis shown in Figure 5.

These six signals represent a bandwidth ratio of nearly 400: 1.
At the narrowband end is the p/4-DQPSK signal used in the
North American TDMA cellular network. This signal has a
bandwidth of 30 kHz. At the wideband end is the OFDM
signal used in IEEE 802.11a/g wireless LAN, which has an
18 MHz bandwidth. In between are GSM GMSK and EDGE
3p/8-8PSK, both at 200 kHz bandwidth, cdma2000 at 1.25
MHz bandwidth, and WCDMA at 3.84 MHz bandwidth.
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Figure 5. Multimode oper ation measur ements from the Polar
transmitter

Other characteristics are also important. In particular for a
transmitter, RF output power is very important. A very
important property of the polar transmitter is that there is no
output backoff in the transmitter final stage like is necessary
for alinear transmitter. With the final transistor operating as
a switch, it is operating at saturated power at all times (the
mose efficient condition). Peak envelope power (PEP) of an
envelope varying signal can rise al the way to the fully
saturated power (PSAT) as shown in Figure 6.
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The next characteristic of major interest is reaizable
efficiency from this transmitter. Taking the EDGE signal for
an example, using a standard compressed power amplifier
designed for GSM and achieving an efficiency of 60% at 2.5
watts (+34.0 dBm) PA output power, the same device
produced an EDGE output power of 1.2 watts (+30.8 dBm)
with 40% efficiency. The difference in output powers is
3.2dB, which is exactly equal to the EDGE signal peak to
average power ratio (PAR), confirming that there is no PA
output backoff. Gmpared to a linear transmitter using the
same size output transistor, this performance is 2 to 3 dB
more output power at nearly twice the efficiency [9] — a
significant improvement.

Figure 7 shows some comparative power consumption
measurements between EDGE mobile device designs using
linear and polar transmitters. For any output power, the polar
transmitter consistently draws less current than the two linear
approaches. Indeed, as output power increases the difference
between the two approaches increases. This is taken
advantage of two waysin the cellular system. First, the lower
power consumption improves mobile device battery life and
lowers operating temperature to more closely match the
widespread GSM mobile consumer experience. Second, the
ability to produce higher power is used by the system
operators to improve coverage and / or on-air signal to noise
ratio, all of which improves the data rate experienced by the
user.
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Figure 7. At equal output powersthe polar transmitter draws
about one-half the current —or for the same current the output
power is5to 7 dB higher
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After validating multimode performance, output power
availability, and transmitter efficiency, the next validation is
for dynamic modulation agility. Specifically, does the digital
state machine nature of the modulator actually provide the
ability to rapidly switch between different modulation types
available to it? The measurement in Figure 8 validates that
this capability is real. In this measurement, one 8-slot GSM
frame interleaves both the GMSK and 3p/8-8PSK EDGE
modulations, at differing powers, among all slots. This

measurement corresponds to GPRS class-29 mobile operation.
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Figure 8. Dynamic modulation from the digital state machine
between GSM and EDGE acrossafull GSM frame

One final check for the polar transmitter is on the prediction
from Figure 3, where the variations of transistor
characteristics can be eliminated from first-order concern.
One easy way to do this test is to cycle temperature of the
transmitter before any temperature compensation is added. In
this way the inherent temperature stability of the polar
transmitter can be eval uated.

In Figure 9, an overlay of nine EDGE signal spectra
measurements is shown, taken over the temperature cycle set
of {+30C, 40C, 50C, 60C, 70C, 60C, 50C, 40C, 30C}. Itis
seen that the overlay is extremely good, not only at the peak
representing consistent output power, but also aong the
signal skirts 70dB abd 80dB below the peak. It is concluded
that the inherent temperature stability of the polar transmitter
is excellent, and that no further thermal compensation needs
to be designed.
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Figure 9. Output sgnal stability asoperating temperatureis
cycled from +30C to +70C and back again.



Conclusions

Designing a transmitter beginning from maximum efficiency
conditions naturally leads to a shift to polar modulation. The
resulting transmitter is realized predominantly using switch
circuits, which readily map onto a digitaa CMOS
implementation. This not only lowers cost, but it also
provides a design that readily operates in multiple modes.
These modes are shown to span very wide bandwidth ratios,
and are dynamically agile if the application requires fast
switching among one or more of them.

The final power stage also acts as a switch, which requires a
new set of design criteria to properly take advantage of.
When these criteria are met, it is seen that not only is higher
output power available compared to a linear amplifier using
the same transistor size, but also there is excellent inherent
thermal stability that eliminates the need for further
temperature compensation design. It is expected that the
growing popularity of polar modulation will continue.
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1. Introduction

The wireless mobile communication systems
grow in wide area, such as mobile phone,
W-LAN, Bluetooth, Zigbee and UWBs.
Future mobile terminal systemswill be required
to cover those different many applications with
single termina. In addition, it will aso
support many broadcasting service such as
DTV or radio.

To adopt those applications and systems, the
high integration of RF solutions will become a
first priority. The rapid progress of device
technology also pushes to increase integration
level. In this case those solutions must be
robust for large process, temperature and power
supply voltage variations.

Table 1 shows RX and TX circuit
architectures which are applied in various kind
of wireless communication systems. For the
receivers, in many systems, direct conversion
receiver [1-11] and low-IF receiver [12-18] are
applied. For the transmitter, direct conversion
transmitters [19-24] and PLL based transmitters
such as offset PLL [25-27], AX transmitters
[28-32] are applied. Each of those circuits has
some sensitivity to process, temperature and

power supply voltage variations. The key

techniques of highly integrated RF circuits are
calibration techniques for canceling above
variations. This paper reviews those
calibration techniques [36] for high integrated

receivers and transmitters.

Table 1 RX,TX systems in mobile wireless applications

GSM EDGE |Bluetooth WCDMA/ICDMA| W-LAN UWB

Direct Conv. Low-IF | . tDirectDiF‘ECt Direct
Ir€CL | conv. |Conv. |Conv.

RX Low_-IF Sampling | Conv.
Sampling Sliding
IF
O-PLL | Polar AS Direct | Direct| Direct |Direct
(closed)| pco Conv. | onv. | Conv. |Conv.
X | A% Polar Direct sliding
Direct | (open) Mod. | >.step IF
Conv. Conv.
Direct Low-IF
bco Conv.
2. Direct conversion receiver
v v Over-
range
DC I
Iﬂt DCI_. GDC ADC
Lprout || *PCawe| | | Input range

BB
MODEM

Figurel Direct Conversion Receiver

Figure 1 shows direct conversion receiver



block diagram. It consist of low-noise
amplifier (LNA) and quadrature demodulator,
low-pass channel filters (LPF), programmable
gain control amplifiers. The feature of direct
conversion receiver is demodulator has
function of both RF down converter and
demodulator. Output signals of demodulator
are | and Q baseband signals.
signal is converted base band signal directly, no
High-Q off-chip IF filter is required. The

integrated low pass channel filer can take part

Because the RF

of IF filter. The direct conversion receiver is
suitable for high integration system, because it
can avoid applying off-chip IF filter. However
it also has essential issue of DC offset.

Figure 2-5 shows typica sources of DC

offset from direct conversion receiver [4,5].
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Figure 2 Local Signal Self Mixing Effect

cos(oct)

Figure 2 shows self-mixing effect in mixers.
If there is a leakage from the local signal input
to the RF input, the local signal leaks out to the
RF signal path and return to the mixer. The
returned signa is downconverted to DC level.
This signal becomes DC offset. As shown in
Fig.2, leakage path is not always through mixer,
there is a case that local path has direct

coupling.

Vv

porhp,
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RF Leakage
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Figure 3 RF Signal Self Mixing Effect

Figure 3 shows another type of self mixing.
In this case, the leakage path is from RF signal
input to the local signal input of mixer. When
large RF signal is received, returned RF signal
is downconvered by RF signa itself. This
signal also becomes DC offset.

Unbalanced duty cycle implies DC offset

T
R
!+ Al g T,

T+T, 50% duty cycle

Ea=il
[+4 lyg T,

T>T,
Arror of bias current (Changed by input level)

Doublebalanced Gilbert Mixer

Figure 4 Impact of Local Duty Cycle on DC Offset

Figure 4 shows the impact of local-signal
duty cycle on DC offset.

balanced type mixer and local signal assumed

The mixer is

as square waveform. When duty cycle is 50%
(T1=T,), DC currents of mixer output are same.
In case it becomes non 50%, if driving current
sources | are matched, output DC current are
sill  same. However, if driving current
sources have mismatch factor, Alyg, output DC
currents become unbalanced and DC offset is

generated.



Dynamic DC offset
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Figure 5 Impact of Relative Deviation of Resistor on DC Offset

Figure 5 shows the impact of the relative
deviation of the resistor on DC offset. Here, R
is load resistor, 4R is relative deviation of
resistor, | is driving current of mixer, Alg is
current deviation which depend on the input
signal level. AR generates DC offset. Alg adds
input signal level dependence on the DC offset.
The DC offsets those are presented above can
divide into two categories whether dependence
of input signal level exist or not. Oneis static
DC offset that does not depend on the input
signal level. The other is dynamic DC offset
that depends on the input signal level. The
example of Fig. 2 is static DC offset.
of Fig.3, it is categorized as dynamic DC offset.

In case

If current source mismatch Alyg depends on the
input signa level, the example of Fig. 4 is
dynamic DC offset.
calibration methods for static DC offset and

In following two sections,

dynamic DC offset are presented.

3. Satic DC offset canceling schemes

To solve static DC offset issue, many kinds
of solutions are applied. Those solutions are
summarized in Fig. 6. Tota gain of base band
amplifier chain is depending on the system and
ADC

performance; however, it may

approximately from 40 dB to 60 dB. With
this high gain, small DC offset at the output of
mixer become large a the output of the
amplifier chain.
range of ADC.

P A—p—3

(a) DC cut capacitor

X
»@b {> P

(b) Negative feedback

él-w"@mgic ADO

P
(c) DC offset calibration

And it degrades dynamic

-

Figure 6 Static DC offset Cancellation methods

Figure 6 (a) [22] shows one of the simplest
solution for avoiding this phenomenon. The
DC components of the each amplifiers is
eliminated by bypass capacitors. This method
can apply in case that signal bandwidth is rather
high such as W -CDMA and the cut off
frequency of DC cut circuit can be negligible.
Another example[7] isshown in Fig. 6 (b). In
this example, DC offset is suppressed by
negative feedback chain. This circuit has
same transfer function as high pass filter. So
this circuit is also rather suitable for wide band
applications.  For narrow band applications,
direct DC connected configuration is required.
Fig. 6 (c) [4,5] shows DC offset calibration
method with DC offset collection circuits
which consist of ADC, control logics and DAC.
This example is for TDMA (Time Domain
Multiple Access) system such as GSM (Global

System for Mobile Communications), which



has intermittent transmitting and receiving
burst. DC offset calibration is executed just
before every receiving burst for suppressing
temperature variation and voltage supply
ADC detects DC offset and DAC
generates DC voltage to compensate the DC
offset. This calibration is done from the first

variation.

stage to following stage sequentially. With
this sequence, the calibration error of the stage
is calibrated by following stage.

Single Cali bration(leit)F

Input DC offset
25V lv515 T

o =g

/[Sequential Calibration(6b itj\

[mv]

[y

Cadlibration Error
=

1
0 56
© Resolution of ADC [bit]

1012 15
(b)
DCC DC offset Calibration Circuit

Figure 7 Comparison between Single Calibration
and Sequential Calibration

Figure 7 shows the comparison of two cases.
First one has single calibration circuit, let's say
“single calibration scheme” and next one has
three calibration circuits which is operated in
sequentially “sequential calibration scheme”.
Followings are assumed for comparison; 25mV
of input DC offset, 54dB (x512) of total gain
and 6mV of target output DC offset.
of single calibration scheme, 12 bit ADC is

In case
required. On the other hand, sequential
calibration scheme required ADC resolution is
The 6 bit ADC does not require

fine resolution circuit technique. Therefore, it

only 6 bit.

is much robust and easy to implement on the

real system.

4. Dynamic DC offset and canceling schemes
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Figure 8 DC offset impact on Direct Conversion Receiver

Figure 8 summarizes AM suppression
characteristic of GSM [34].
typical example of dynamic DC offset. The

This might be a

measurement conditions are shown in fig. 8 (a).
The wanted signal level is -99 dBm. When
that small-level signa
MHz-offset -31 dBm-level blocking signal is
injected during later half of receiving burst
(t<t<ty).
performance is observed whether the blocking

is received, A 6

Under this condition, total receiver
signal degrades error rate or not.  If mixer has
dynamic DC offset, output signal contains time
domain DC shift as shown in fig. 8 (b). This
DC shift has an impact on the demodulated 1Q
trajectory as shown in fig. 8 (c), and degrades
error rate.

As discussing in the previous section,
unbalance of circuits especially mixer is main
cause of dynamic DC offset. To reduce the
dynamic DC offset, unbalance factor of mixer

should be calibrated.
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Figure 9 Balance calibration methods

Figure 9 shows examples of unbalanced
calibration method for mixers. One major
reason of unbalance factor is bias current
Figure 9 (@) [8] shows a method
to cdlibrate the bias current mismatch. A
differential current DAC is connected in

mismatch..

parallel with apair of bias current source. The
output of mixer is monitored and minimized
DC offset by controlling DAC. Figure 9 (b)
shows an example of load resistors calibration
[9]. This example reduces DC offset by
controlling load resistor value by switching
resistor arrays.

The unbalanced characteristic is equivalent
with existence of a 2™-order distortion
characteristic. Two examples calibrating P
order distortion are shown in Fig. 10. The
first example shown in Fig. 10 (a) [10] has a2™
order distortion generator, which is connected
in paralel with mixer. The output of the
distortion generator is connected to the output

of the mixer through waited control circuit.

Control Signal

Waited Contro

(Waited Contro

2nd
Distortion
Generator

Distortion
Generator

e~ j

Figure 10 2nd order distortion cancellation technique

By controlling the wait of output signal from
the distortion generator, the output DC offset is
minimized. The mixer and distortion
generator have different circuit topology,
therefore there might be some mismatch if
temperature, power supply voltage or input
level conditions are changed. The key of this
kind of technique is calibration sequence for
avoiding above variations.

The second example (Fig. 10 (b) [11]) is for
GSM system and it calibrates 2™ order
distortion before every receiving burst to
adapting temperature and voltage variation
during handset operation. The distortion
generator is connected at the output of the
Before
transmitter is connected to the receiver and
Based on the test
signal, a waited coefficient is optimized to

cancel out the DC offset.

mixer. receiving burst, the

generates test signal.

5. Low- |F Receiver and calibration methods

The low-IF receiver is another receiver
architecture which is suitable for high
As shown in Fig. 11, the

difference from the direct conversion receiver

integration.



is, even its frequency is low, existence of IF
signal. Therefore both static and dynamic DC
offset can be set out of receiving band width.
Compared with conventional super heterodyne
receiver, the IF signal is low, so image signal
cannot be removed by RF filter. The key of

the low-IF receiver is image reection
technol ogy.
. fie U fiure flo fwee

Figure 11 Frequency Plan of Low-IF Receiver
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Figure 12 Analog Domain Image rejection Low-IF Receiver

Figure 12 shows an example of anaog
domain image rejection type low-IF receiver.
The system consists of a LNA, pair of Mixers,
pair of +/-45 deg. phase shifter, channd filter,
variable gain amplifier, ADC and digita
demodulator. Through LNA and mixers, the
input signal is converted | and Q low-IF signal.
As shown in Fig. 11, the wanted signal and
image signal are converted to same IF
frequency. The difference of the wanted IF
signal and image IF signal is sign of | and Q
signals as shown in Fig. 12. The | signd is

shifted +45 deg and Q signal is shifted -45 deg
through phase shifter, and those signals are
added each other. The wanted signals are in
the same phase and the image signals are in
opposite phase at the output of phase shifter.
Therefore only wanted signal is selected. The
wanted IF signal passes channel filter. After
being amplified, it is converted to digital signal
and demodulated. The image rejection ratio
of this system is dominated by phase-shift

accuracy.
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Figure 13 Phase imbalance effect on image rejection level
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Figure 14 Amplitude imbalance effect on image rejection level

Figure 13 and 14 show the impact of phase

and amplitude IF-signal error on image
ratio [35]. For

achieving -40 dBc of image rejection ratio, less

rejection example, for
than -1.2 degree of phase error or 0.18dB of
amplitude error is required. This type of
low-IF receiver has been widely applied for

Bluetooth applications [12-13].
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Figure 15 Digital Domain Image rejection Low-IF Receiver

Figure 15 shows an example of digita
domain image rejection type low-1F receiver. It
consists of LNA, mixers, pair of channel filters,
variable gain amplifiers, ADCs and digita
domain image rejection mixer. A pair of
quadrature digital demodulator cancels out
image signal asshownin Fig. 15. The circuits
operate digitally; therefore there is no variation
for temperature, voltage supply, and process
variation. In this system, the image signd
exists in anadlog IF signal, therefore wide
dynamic range of ADC is required. This
example is applied for GSM cellular phone
application [14].
if digita
operates accurately, image rejection ratio is
degraded by

mismatches of RF mixers and 1,Q analog signal

Even image rejection mixer

the amplitude and phase

path.  These mismatch errors should be
detected and optimized.

IFI B% |
a Digital Image
Rejection Mixer
IFQ b BB Q
—-o0

Figure 16 Principal of 1Q Calibration

Figure 16 shows the fundamental calibration

method for those errors. For simple
explanation, only phase error Gerror i assumed
to exist. In this case, image signa 1F;y, and

IFimo are described as follows;

{ II EII:;J ) [S' n(e:IIE-RROR) - COS((;ERROR )]
cos(w,ct)
[Si n(a),Ft)j

Here wr is angular frequency of IF signal.
For canceling error, following matrix is

multiplied to | and Q signal vector.

1 0
1
— tan(Ogreor) W
ERROR

(a3

Here a and b are coefficients in Fig. 16.
This calibration scheme can be implemented in
both analog an digital domain. This
calibration system is applied for TV tuners,
[15,16] and GSM receivers[17,18].

6. Direct Conversion Transmitter

Figure 17 Direct Conversion Transmitter



17 shows

transmitter block diagram.

direct conversion

It consists of LPF,

Figure

quadrature modulator, 90-degree phase-shift
(including PLL) and RF

variable gain control amplifiers. It also consists

local generator

of RF BPF (band pass filter) and a power
amplifier. The feature of direct conversion
transmitter is that a modulator has functions of
both RF up converter and modulator. The
architecture is quite simple; however it is
sensitive, to DC offset, amplitude and phase
If there is DC offset in 1,Q
baseband signal path, carrier leakage signal
appears.
mismatch, image signal is generated.

mismatch.

If there is phase or amplitude

Q
- A [ ] L] %: ]
AR Rran A
D
Original DC offset Amplitude Phase
Error Error

Figure 18 Impact of DC offset, Amplitude and phase error
on modulation signal

Figure 18 shows impact of those errors on
modulation signal. The | and Q signa are

assumed as cosine and sine wave form.  With

DC offset, the origin of | and Q signal is shifted.

If amplitude error or phase error exists, the
signal is distorted and modulation error
becomes large.  Calibration methods for those
errors are the key for the implementation of

direct conversion transmitter.
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Figure 19 An example of DC offset collection system of transmitter

Figure 19 shows an example of W-CDMA
applications [23]. In this example, gan
control is carried out in baseband signal,
therefore DC relatively
significant when output signa level becomes

low. Therefore DC offset calibration is

offset become

indispensable for this system. The carrier
leakage signal is detected and the error is
retuned bias control circuits.

Figure 20 shows another example of DC
offset and 1,Q mismatch calibration [20].
This example is for Bluetooth low-IF
transmitter. This example is not direct up

conversion, however basic operation is same as

— )
‘EW -
———0
+

Amplitude . DC Level

DC offset Com parator

Figure 20 A example of amplitude and DC offset collection system

direct conversion transmitter except image
signal becomes not inband noise but adjacent
channel noise. Both carrier leakage and image
signal become critical for this system. The
quadrature modulator consists of two Gilbert

type balanced mixers. In this example,



instead of detecting RF signal level, DC offset
and DC gain mismatch of mixer are detected by
comparator. Based on the sign of the detected
error, DC offset and gain are calibrated in
digita part.

TXOUT
Carrier Leak

Figure 21 Detecting method for carrier leak and image signal

Figure 21 shows an example for detecting
carrier leakage and image signal level [33]. If
testing tone signal is injected to the modulator,
the single tone TX signal, carrier leakage signal,
and image signal are observed as shown in Fig.
21. There are 3 components at the output of
detector as followings, (1) DC component
which is mainly generated by sguare of TX
signal, (2) 4f tone signal which is generated by
multiplication of TX signa and carrier leakage
signal, and (3) 24f tone signa which is
generated by multiplication of TX signa and
image signal. By monitoring these
components, carrier leakage signal and image
signal can be minimize to calibrate DC offset,
amplitude mismatch and phase mismatch of
baseband signals in digital domain. The
image signal is dominated by both amplitude
Therefore,

simple negative feedback algorism is not

mismatch and phase mismatch.

applicable.  The linear programming method

is required to find a image minimized

condition.

7. AX Transmitter

Direct conversion is applied for various
applications (See Tablel).

envelope modulation, for example, GMSK

In case of constant

(Gaussian filtered Minimum Shift Keying),
other transmitter architectures are applied such
as offset PLL [25-26], AX Transmitter [28-32]
and DCO (Digitally Controlled Oscillator). In
this section, operation of AY Transmitter is
briefly reviewed and a method to calibrate loop
gain of PLL isintroduced [32].

Data——{ GMsKiilter - AZ |

Figure 22 AX transmitter

Figure 22 shows a AY Transmitter. It
consists of VCO, programmable divider, AX
modulator, Digital GMSK filter, phase detector,
charge pump circuit, and loop filter. Except
GMSK filter, al elements are same as those of
fractional-N synthesizer.
is fed into GMSK filter and signal
bandwidth is limited by the GMSK filter.
The filtered signal is oversampled by AX

Input binary data

modulator and converted shorter bit length bat
Based on this
the programmable divider
ratio and VCO is

faster sampling data sequence.
data sequence,

changes its dividing



controlled. The transfer function from the
to VCO is
characteristics which is same as closed loop
characteristics of PLL. The AX modulator
frequency noise. For

suppressing this noise, cutoff frequency of

dividing input low pass

generate  high

closed loop is not high enough compared with
modulated signal bandwidth. Therefore this
system is sensitive for loop characteristic
variation.

The transfer function T(s) of the closed loop
of PLL isgiven asfollowing;
T(s)= N x Kvx Icpx H(s)

N x s+ Kvx lcpx H(s)

Here H(s) is transfer function of loop filter, N is
for dividing ratio, Kv is VCO sensitivity and
Icp is current of charge pump. In above
equation Icp, Kv, and H(s) appear together as a
product. Therefore, variation of T(s) can be

minimized with controlling only Icp.
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Figure 23 Fine loop gain calibration system
with double counter

Figure 23 shows an example of a system,
which calibrates above loop variation. A
digital counter and accumulator are applied for
detecting response of step freguency-setting
operation. Figure 24 summarizes the
procedure of this system. A step function

signal is fed to the AX modulator. The PLL

follows the change of frequency setting. The
response of PLL depends on loop characteristic.
If loop gain is larger, the response is faster.

During the response, the counter operates and

Div . ratio
Step function
T Time
Freq.
a High LG 3
TXVCO frequency Lock LowlLG
Cnt. vajue
High LG
Counter output
LowlLG
Acc.vdlue High LGR}ACC2-H
ACC1 ACC2-L
Accumulator
output LowlG
0 t 2t

Figure 24 Operation summary of double counting system

counts VCO oscillation. Even if there is
difference of loop gain, counting result is
almost similar. However, if the counted result
is accumulated, the difference becomes large
enough to detect loop gain (See ACC2-H, and
ACC-L in Fig. 24).
term (ACCL: independent term from loop gain),

For canceling constant
VCO oscillation is counted and accumulated in
the rock state and subtracted from accumulated

result of step response.

Loop Gain can be calibrated within +/- 2% (target: 5%)
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Figure 25 evaluation result



Figure 25 shows measurement result of
accumulation. The horizontal axis is
normalized reciprocal of loop gain and the
vertical axis is accumulated result.  The
reciprocal of loop gain changes approximately
0.0004 per 1 of accumulated result. The error
from theoretical line is only less than +/-2%.
GMSK

This performance is enough for

transmitter.

8. Conclusion

Calibration techniques for direct conversion
receiver, low-IF receiver, direct conversion
transmitter and AX transmitter are introduced in
this paper. Father integration not only just RF
part but aso with digitad MODEM will be
required for next generation terminals. For
realizing such highly integrated solutions,
calibration methods for analog parts will

become mandatory techniques.
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Abstract — Today, there exists a huge market pull towards
radio frequency identification (RFID) and/or wireless sensing for
high-volume applications as well as for professional applications
based on the use of passive, i.e., battery-less, low-cost
transponders (tags, labels). In order to arrive at smaller tag
dimensions, higher transceiver-to-tag interdistances, and more
flexible, i.e., application-dependent antenna designs, higher-
than-LF/HF carrier frequencies in the UHF band are becoming
extremely interesting. CMOS and SAW transponder
technologies are of special interest while other technologies such
as polymer-electronic RFID tags are not feasible for the use in
today’s applications. In what follows, we will report on the
current status and future trends of both CMOS and SAW RFID
backscatter techniques.

Index Terms — Passive RFID transponders, CMOS tags, SAW
tags, SAW sensors, RFID systems, RFID radar transceivers.

I. INTRODUCTION

Over the last years ubiquitous identification and sensor
networks gained a lot of interest in the RF communication
community. In particular, the radio frequency identification
(RFID) technology became a well known synonym for
passive transponder systems. The passive RFID technology is
announced to be an exceptional high-volume application.
Typical applications are, e.g., theft/loss prevention,
container/pallet ~ monitoring,  equipment/animal/personal
tracking and identification, rental car parking monitoring, and
access control. However the tag cost remains the limiting
factor for item level applications. The typical item level
barcode scenario for SCM (supply chain management) is
depicted in Fig.1. In order to approach this vision, a lot of
scientific work is also in progress in the area of low-cost
technology development, for e.g. polymer electronics [1]. But,
even if these emerging technologies may have future
potential, most of today’s RFID-systems are still implemented
by using CMOS and SAW transponder technologies.

The applied frequencies for RFID applications vary from
the kHz domain up to GHz domain. The corresponding
frequency bands feature different data rates and operational
distances, due to limitations in bandwidth and radiation power
given by local regulatory. Beneath regulatory issues, the
characteristic properties of passive RFID systems are
determined by the air-interface physics. Low-frequency RFID
systems are usually operated in the near-field of the
interrogator’s antenna and feature low attenuation by organic

materials. Unfortunately, the implementation of high distance
applications and multi-tagging scenarios is restricted by the
underlying capacitive or inductive near-field physics. To
overcome near-field limitations the efforts in realizing far
field UHF-RFID transponder systems increased over the past
few years.

Most of today’s commercially available passive UHF RFID
transponders, with standard communication protocol support,
are made by using a CMOS bulk technology. This is because
CMOS is the classical technology for low-cost integrated
circuits with a high yield and high integration densities for
digital circuits. Furthermore, there are many accurate models,
simulation tools and digital IPs available. Additionally, there
is a world-wide infrastructure for CMOS manufacturing and
many IC designers are experienced in analog and digital
CMOS design methodologies. CMOS is also well-known for
its programmability due to the combination with non-volatile-
memory (NVM) technologies like, e.g., EEPROM or FRAM
[2]. CMOS is also known to be the solid-state technology best
qualified for ultra-low-power digital applications [3].

In recent years, a great and important progress was made in
SAW RFID tags and a variety of innovative applications were
acquired. These developments are mainly based upon the
combination of SAW RFID tags [4,5] with traditional SAW
sensor techniques [6,7]. This combination results in passive
transponders that are connected to their read-out unit solely by
a wireless radio link [8-11].
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Fig. 1: CMOS RFID tags for barcode applications in supply-
chain-management-systems.
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Fig. 2: Schematic of a SAW-based radio-link system which uses a
reflective delay line.

The operating principle of such a system is as follows (see
Fig. 2): An RF read-out signal is transmitted by a local radar
transceiver (TRx). A small portion of this signal is picked up
by the antenna of the passive SAW transponder where an
interdigital transducer (IDT), connected to the antenna,
converts the received signal into a SAW.

The RF micro-acoustic wave is stored in a SAW device and
coded according the code number (or to the sensor variable)
of interest. This storing can be done using either a delay line
configuration or a resonator one. Due to the low velocity of
SAWSs, long delay times in the range of some microseconds
can be achieved using rather small SAW chips. Therefore, at
VHF/UHF frequencies, environmental echoes caused by
electromagnetic multipath propagation phenomena are already
safely faded away when the sensor response arrives at the
radar transceiver. Hence, the sensor response can easily be
separated from environmental echoes in the time-domain.
This fact incorporates a great advantage of wireless SAW-
based sensor systems compared to other radio link systems.

Within the next section a brief review of state-of-the-art
passive transponder systems featuring integrated passive
CMOS-transponders  will be given. The concerning
transponder architecture and important building blocks will be
discussed in Section III. In Section IV SAW based
transponder systems will be explained and Section V deals
with state-of-the-art SAW-tags.

II. CMOS RFID TRANSPONDER SYSTEMS

Even if multiple and dense interrogator environments have
been defined in widely used standards [12], state-of-the-art
passive RFID transponder systems usually consist of one
dominating single-tone interrogator and several passive
transponder devices. Such an UHF RFID transponder system
is schematically depicted in Fig.3.

In far-field UHF systems the physical layer of the tag-to-
interrogator communication is based on the variation of the
transponder’s scattering characteristics. These characteristics
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Fig. 3: Single reader RFID system with n passive Tags.

are usually specified by the transponder’s radar cross section
(RCS) [13].

In addition to the passive backscatter modulation approach
the most important advantage of the passive transponder
technology is the use of ambient energy for power supply. In
order to obtain small transponder devices, the common
energy-harvesting approach is based on the rectification of
electromagnetic power. Therefore, the interrogator is
responsible for information exchange and the power supply of
the tag’s integrated building blocks. This is achieved by
emitting a continuous power wave, which used for
rectification and backscatter modulation.

III. CMOS RFID TRANSPONDER DEVICES

The architecture of a typical state-of-the-art integrated
CMOS UHF transponder is depicted in Fig. 4. Additional to
the external antenna, this figure shows important integrated
building blocks. These are the RF power-rectifier (RECT),
several building blocks for RF voltage limiting (LIM-
FB/LIM), the envelope-detection circuitry (DET/DECODE), a
building block for the DC power management (REG), the
voltage, current and time reference sources (REF), the power-
on-reset circuitry (POR) and the backscatter modulation
interface (CODE/MOD). Furthermore, the figure shows a
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Fig. 4: Typical passive CMOS transponder device architecture.
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digital finite-state-machine to support a standardized protocol
(FSM). This state-machine controls the tag’s analog building
blocks and the non-volatile memory (NVM). The design
issues can be divided into the design of the external antenna
and matching structures, the design of the integrated RF
components, the design of integrated analog baseband and
auxiliary devices and the design of the digital components.

The antenna is the largest component of a high-distance
UHF RFID tag and it is usually the only device which is not
on the chip. As it has been presented in [14], it is also feasible
to integrate embedded on-chip antennas for short range
applications. The antenna is mainly responsible for the power
matching of the IC’s RF interface. Important design criteria
are the general RCS behavior, the operational bandwidth and
the antenna’s efficiency. Several different approaches
concerning antenna geometries and materials can be found in
[14].

To operate the passive transponder devices at low RF power
levels a consequent low-power design of the integrated
circuits is mandatory. Fortunately, in the recent decades
several important advances towards full scalable semi-
physical low-power MOS device models have been presented
by several authors [15,16]. Beneath a correct device modeling
the use of ultra-low-power design techniques is necessary. In
the following, the main important integrated analog building
blocks of the passive UHF CMOS architecture will be
summarized.

In most passive UHF RFID tags the DC power is generated
by rectification of an incident RF power wave. As it has been
already mentioned in Sec.II this power wave is provided by
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the interrogator as it is depicted in Fig.5. To mitigate parasitic
substrate losses (e.g. pad and contact wires) and for high
integration  density the rectification is commonly
accomplished by parallel arranged dual diode rectifier stages
[17]. The feasible integration of single-ended, differential and
quasi-differential rectifier topologies has been already
demonstrated by several authors [2]. The active nonlinear
devices may be realized by using Schottky-diodes or MOS-
transdiodes. The dimensions of the coupling capacitors and
the size of the active devices are optimized for maximum
power conversion efficiency at low-power levels. A
commonly used single-ended CMOS rectification circuit is
depicted in Fig.6

In addition to the efficient RF-to-DC power conversion, the
protection of the passively powered transponder device
against overvoltage hazards is a challenging task. Since
broadband diode limiters lead to desensitization effects of the
on-chip envelope detectors, the RF voltage limiting is
subdivided by the dynamic of the RF envelope. Thus, fast
high-voltage overshooting is usually prevented by broadband
clamping devices and slow medium-voltage dynamics are
limited by using narrow-band nonlinear feedback loops. A
typical RF voltage limiting loop is schematically depicted in
Fig.7. The RF voltage limitation loop consists of the feedback
shunt device, the RF mean value amplitude detector and the
loop filter. A mean value amplitude detection circuit realized
in CMOS is depicted in Fig.8.

For power efficient implementation most RFID
transponders feature incoherent receivers by using envelope
detection devices. According to this, the standardized
modulation modes are based on well-known amplitude-shift-
keying techniques. The typically used envelope detection
topology is depicted in Fig.9. These receivers consist of a
nonlinear detection device, anti-aliasing devices and a
comparator for 1-bit quantization. As it is depicted in Fig.10,
the comparator usually features hysteresis to suppress
unwanted small signals.

Contrary to near-field transponder systems, the response of
UHF RFID transponders is based on the backscattering of the
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Fig. 8: CMOS RF envelope and mean detection circuitry.



INT Y DET FILT | [COMP| [ pe.
> = =~ N A —
() th[ LA Jire= CODE
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incident RF power wave [19]. The modulation capabilities are
usually specified by measuring the transponder’s radar cross
section (RCS). The information is coded into the carrier’s
phase and amplitude, respectively. The on-chip modulation
devices may support resistive or reactive two-state shift
keying modes. Due to the RZ (return-to-zero) implementation
of common modulators the backscattered RF envelope is
usually of a nonzero-mean complex value.

IV. SAW RFID TAG SYSTEMS

The SAW RFID stores the SAW wave. If the tag stores the
SAW using a delay line configuration, then the coding can be
achieved either by using a coded transducer or reflector array.
In this case the information is encoded in the number, the time
positions, and the phases of the response pulses. If resonant
structures are used for storing, then the information is encoded
by the number, the center frequencies, and the corresponding
phases.

The coded RF micro-acoustic signal is re-converted into
electrical signals by the IDT and re-transmitted to the radar
TRx unit by the transponder antenna. This response contains
any information about the number and geometries of the
coding structures as well as the propagation and reflection
properties of the SAW. Its evaluation in the radar unit may
allow for the extraction of the desired information which is,
e.g., a specific ID number or/and the sensor effect for a certain
measurement.

The passive SAW transponders do not require any power
supply, and their antennas are usually of a dipole, patch, slot,
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Fig. 10: Integrated CMOS comparator with hysteresis.

or loop type. In the VHF/UHF frequency range, the insertion
loss of SAW transponders is in the order of 20-60 dB
[4,5,10,11,21], depending on the operating frequency, the
substrate material and the number of reflectors The achievable
access rate is up to 10”/s. The latter fact allows for
communication with fast moving objects or vehicles.

Because the distance between the radar TRx and the SAW
transponder is unknown or varying, differential test ar-
rangements are usually employed and differences in
amplitudes, phases, frequencies, and propagation time delays
are evaluated.

Because SAW transponders are passive components without
any active logic on chip, they cannot be addressed
individually. To access more than one transponder frequency
division multiple access (FDMA), time division multiple
access (TDMA), code division multiple access (CDMA),
space division multiple access (SDMA), or combinations of
them must be realized. For FDMA orthogonal frequency
bands or subbands must be used for each individual
transponder. This technique is feasible for several resonant
transponders [9]. In combination with TDMA, the number of
transponders can be enlarged. When implementing TDMA
different time positions for each reflected signal have to be
chosen to minimize intersymbol interferences. Typically 10
TDMA chips, each with 3-4 reflectors, can be realized. Using
CDMA and an associated signal processing again
approximately 10 code-orthogonal transponders can be
addressed [27,28]. For SDMA techniques a certain space
separation of the transponders has to be ensured. Since the
field attenuation of the RX power decays with r* (with r being
the interdistance between the reader and the tag), the near-far
problem limits the multiple access of passive radio
transponders.

When interrogated by an RF radio signal, a linear-distorted
version of the read-out signal is re-transmitted by the SAW
transponder. Therefore, a wireless one-port response
measurement has to be performed with time division between
the read-out signal and the tag response. Fig. 11 shows the
time domain impulse response of a SAW transponder of the
delay line type.

The frequency bandwidths used in SAW based radio link
systems are quite large. Hence fading effects cause no major
problems in these systems. Because the read-out principle is
comparable to a radar system, all radar type measurement
values like the distance to the SAW transponder, its velocity
or angular velocity can be obtained with an accuracy of about
1% of the electromagnetic free-space wavelength.

The response signal of the SAW transponder, distorted by
noise and interference, is received by the local TRx. Errors
during transmission result in measurement errors not
separable from a sensor effect. Therefore, special care has to
be taken for the radio transmission systems [25]. The reader
units for wireless SAW sensor system applications [8], [20]-
[25] resemble those used in traditional radar systems. As is the
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case with radar systems, the receiver (Rx) usually is located
nearby the transmitter (Tx) so that coherent detection is
feasible.

For optimum free-space propagation conditions of the
electromagnetic waves, the well-known radar equation
predicts the (best case) level of the signal strength received by
the reader unit. The maximum read-out distance r is given by
Eq. (1), where [ is the electromagnetic wavelength, Agay is the
insertion loss of the transponder, P, denotes the transceiver’s
transmitted power, G; and G; are the respective gains of the
TRx and the transponder antennas, kT,BF is the relevant
thermal noise power (Boltzmann’s constant k, absolute
temperature Ty, system bandwidth B, and noise figure F), and
SNR, finally, is the minimum signal-to-noise ratio required to
safely detect the received signal with a specified rate or
probability of errors.
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In Europe, three frequency bands at 433 MHz, 868 MHz
and 2483 MHz suitable for SAW devices are allocated to
unlicensed low power devices. The allowable equivalent
isotropically radiated power (EIRP) in these bands is Py =
25 mW. In RF-shielded metallic process chambers, however,
the operating frequency can be chosen arbitrarily and the Tx
power can be enhanced. Typical values for the antenna gains
are G,=12dBi and G, =6 dBi,, respectively. The required
signal-to-noise ratio SNR in the receiver is in the order of 10
to 20 dB.

Methods for data reduction can help to lower the effort of
signal processing and even intersymbol interferences can be
evaluated to extract the measurement value [24].

Apart from the time domain division between the request
signal and the SAW sensor response, the read out of the
sensor's characteristic can be done in time or frequency
domain.
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Fig. 12: Time-domain sampling technique.

A. Time-domain Sampling

For time-domain sampling devices (see Fig. 12) like pulse
or pulse compression radar systems, the read-out signal spans
the total system bandwidth B. Therefore, to avoid intersymbol
interferences, fast sampling has to be performed in the
receiver unit with at least twice the bandwidth B. Time-
domain sampling is a single-scan measurement method,
whereby the read-out repetition can be up to 10~ s. Hence,
this method is especially well-suited for reading fast changing
measurement values or for read-out of fast moving objects.

For non-spread spectrum signals, the duration of one read-
out signal Trps is low compared to the read-out repetition.
With a restricted peak power P, the energy content Py/B of
one read-out signal and therefore also the maximum read-out
distance will be small. Using typical values for these
parameters the maximum read-out distance r is in the order of
only 3 to 4 meters for one single reading cycle.

Using pulse compression methods, Py/B can be increased by
the time-bandwidth product 7B of the pulse compression
system thus enlarging the read-out distance. The maximum
duration for 7, however, is limited to the basic delay of the
SAW devices, to avoid an overlapping between the read-out
and the response signal. Using pulse compression technique a
gain of 12 dB has been demonstrated which doubles the read-
out distance [8]. At the expense of time resolution the sampled
signal can be averaged over several read-out cycles thus
lowering the measurement system bandwidth B. According to
Eq. (1), an averaging factor of 16 doubles the read-out
distance r. Using such techniques, read-out distances of 5-
10 m have been demonstrated.

Fig. 13: Schematic diagram of a TRx using a pulse radar
architecture.
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Fig. 13 shows a schematic diagram of a pulse radar TRx
unit. The Rx uses a 70 MHz IF stage and a logarithmic limiter
amplifier with a radio signal strength indicator (RSSI) output
and a second output providing a limited signal for phase
detection. Using conventional SAW IF band-pass filters, a
system bandwidth of 40 MHz is achieved for operation in the
2.45 GHz ISM band. To compensate for the coherent cross--
talk in the IF stage as well as for the DC offset of the mixers
and A/D converters, a GaAs FET switch is included in the
logarithmic amplifier [21].

The short read-out bursts of variable length are excited in
the transmitter part (lower part in Fig. 13) by switching the
output of a 70 MHz temperature-compensated crystal
oscillator (TCXO). With a frequency synthesizer operating
between 100 MHz and 2.7 GHz, these bursts are then
converted to the RF band.

The response signal from a SAW transponder is first
amplified in the receiver part (upper part in Fig. 13), then
mixed down into the IF band, and then passed to the
logarithmic amplifier. Quadrature demodulation is employed
to extract the in-phase and quadrature components from the
limited signal. After demodulation and digitizing, the data are
processed further by a microprocessor. Table I summarizes
the characteristics of the system.

B. Frequency-domain Sampling

For frequency domain sampling the total bandwidth is
scanned in M steps in the frequency domain (Fig.14). The
bandwidth of one step B, can be rather low to achieve a high
resolution. The Tx pulse can have a relatively long time
period Tgps. If Trps exceeds the basic delay of the SAW
device, the duplexer switch at the TRx front-end has to be
replaced by a circulator and a low noise amplifier with a high

Table I
Characteristic data of the Pulse RADAR read-out unit.

Quantity Value
Frequency range /MHz 150 - 2700
Rx bandwidth B /MHz 1-36
Dynamic range /dB 85
Max. output power P, /dBm 40
Amplitude resolution /dB 5
Phase resolution /° +1
Noise figure F /dB 5

Transponder

RF read- /Antenna
n out signal
> Transducer
—>
2] jl Y
+ h i o n Y N
/ coding area
G—
RF response I 3

Piezoelectric Crystal
Fig. 15: Schematic layout of a SAW ID tag with several
transducers wired together to a common bus bar.

dynamic range. Frequency domain sampling techniques
enhance the SNR (E,/Ny) in the receiver at the expense of the
time resolution of the measurement value. Magnitude and
phase of a narrow-band signal have to be detected in the Rx,
which lowers the complexity and cost of the sampling and
signal processing unit. Similar to time-domain sampling
systems, the RF signals can be derived from a single oscillator
for a coherent detection.

Frequency domain sampling is a multi-scan measurement
technique. To achieve the information of M points in time-
domain, M frequencies have to be scanned. The information
about the sensor signal in time domain is received by a
frequency to time transformation by, e.g., FFT or other more
sophisticated algorithms. The total measurement time takes
more than M times the minimum measurement cycle of a
single time-domain sampling. Frequency domain sampling is
therefore well suited for slow, high precision, and long-
distance measurements. It can be performed using a network
analyser or a frequency-modulated continuous wave (FMCW)
radar architecture [21,22]. In order to eliminate the
transmitted signal and all environmental echoes, also in a
frequency domain sampling technique the first 1-2 us of the
sensor response can be suppressed in time-domain [20].

IV. SAW RFID TAGS

A SAW RFID tag usually incorporates a coupling IDT and
a coding area. There are two ways of designing the coding
area: either reflectors are used (see Fig. 16) or, alternatively,
several coding transducers are wired together with a common
bus-bar (see Fig. 15).
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Fig. 16: Schematic layout of a reflective delay line.




A. Transducer Coded Delay Lines

The layout of a delay line with several coding transducers is
similar that of a tapped delay line, where the tapped
transducer is wired by a long bus-bar to the coupling
transducer to build up a one-port device. In principle the
coded transducer could also get wired to the coupling
transducer and the antenna via a circulator.

The minimum length of this common bus-bar is given by
the number of symbols I lined up multiplied by the minimum
distance [T between two symbols, which is determined by the
bandwidth B of the system.

The wavelength A, of an electric signal on LiNbO; is
reduced by a factor of approximately 10 compared to free
space, due to the high dielectric constant of this material. If
the length of the bus-bar becomes larger than 10% of A, the
quasi-static approximation used in the simulation of the
electrical connection is no longer valid and electric wave-
guide effects on the bus-bar must be taken into account. If we
demand, that the length of the bus-bar must remain smaller
than 10% of A, and, if we take into account, that the
minimum resolution is given by the system bandwidth B, we
get an upper limit N, for the number of symbols N, which
can be lined up on LiNbOj in this technique, with

0.1, 10°Bly,
h VSAW/B VSAW (2)
= % =10° E
VSAW fO fO

Using a relative bandwidth B/f;, of 2%, less than 20 symbols
are possible with this technique. For a identification system
incorporating only a few symbols, or, if a substrate with a low
dielectric constant like quartz is used, a tag of this kind may
be a promising concept.

B. Reflective Delay Lines

Most SAW RFID tags are designed using a reflective delay
line, like the one sketched in Fig. 16. The SAW in a reflective
delay line propagates towards reflectors distributed in a
characteristic barcode-like pattern and is partially reflected at
each reflector. The usage of reflectors halves the chip size
compared to the non-reflective arrangement of Fig. 15.
Furthermore, the electrical impedance of the transducers
remains unattached by the number of coding elements and the
actual code.

The coding of a SAW ID tag depends on the applied
modulation technique and is obtained by a specific coding
arrangement. In the simplest case, this coding is done by a
binary amplitude shift keying ASK (on/off): each
predetermined possible symbol position is set either by a
transducer or reflector (on-bit) or not (off-bit). Fig. 17 shows a
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Fig. 17: Measurement of the SAW ID tag with 8§ "ON", 8 "OFF",
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measurement of an ID tag using a reflective delay line
structure and a ASK modulation scheme.

With 32 symbol positions, 2°? different tags can be coded.
ID-tags with ASK modulation are already in use, e.g., in
German subway systems [10], [26]. The system operates in
the ISM band at 2.45 GHz..

The ASK on/off keying is outperformed by other
modulation techniques such as phase shift keying PSK. Using
a PSK modulation the phases of the time response are
evaluated and not their amplitudes. A binary phase shift
keying BPSK modulation obtains the same bit error rate with
a 6dB lower signal-to-noise ratio compared to an ASK
modulation, thus enhancing the maximum readout distance.
Higher-order PSK like quadrature PSK (QPSK) uses fewer
symbols (reflectors) and therefore need less chip size and
obtain lower insertion attenuation, but a higher signal-to-noise
ratio is needed for the detection.

The requirements for a SAW transponder used in a phase
modulation system, however, become more stringent, because
all influences which change the delay time of a reflector, e.g.,
the SAW velocity or the accuracy of the fabrication process,
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Fig. 18: Pulse position coding schema.
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must be controlled within a small fraction of one single SAW
wavelength.

A good choice for the modulation technique used in SAW
transponders might be a pulse position modulation (see Fig.
18), which achieves the code-density of a higher phase-
modulation and avoids their stringent sensitivity on small
inaccuracies during the fabrication process. In a pulse position
modulation scheme the symbol is set at one out of several
time slots. The accuracy in the time resolution of one target is
much higher than the time separation of two targets in most
radar systems. Therefore, the time slots can be arranged with
higher density, compared to the symbol separation in a ASK
modulation. If each reflector is set in one out of 2" time slots,
each symbol codes for n bit.

VII. Conclusion

We have discussed the state-of-the-art of both CMOS- and
SAW-based passive RFID techniques. Today, there is no other
technology available that offers similar performance figures
than these two technologies. Polymer-electronic RFID tags
which offer low production costs are not feasible at UHF in
the next future. Therefore, CMOS will take the lead in the
high-volume UHF markets. Here, the development trends go
towards bi- or even triple-frequent operation at the 13 MHz,
900 MHz and 2.4 GHz bands. Additionaly, the research
trends go towards integration of sensor functionalities and
energy harvesting. SAW RFID techniques will find their
market in professional applications with lower volume. Their
great potential lies in the possibility to integrate sensor
functionalities as an inherent feature or to add sensor
functionalities by operating as an air interface for external
non-SAW sensors. SAW RFID tags can operate in harsh
environments and at temperatures higher than 400 °C. The
principal difference between passive CMOS and SAW RFID
systems is the high dynamic range of SAW systems. This is
due to the fact that the SAW transponders can be viewed as
linear devices and the systems dynamic range is determined by
the reader’s transceiver. On the other hand the dynamic range
of CMOS RFID systemsis limited by the CMOS transponders
behaving like bandpass nonlinearities. Therefore, CMOS
RFID systems suffer from desensitization effects when strong
interferers hit the tag. Additionally, the lower end of the
dynamic range of CMOS systems is given by the required
minimum converted DC voltage, whereas the sensitivity of
SAW systems is determined by the required SNR of the
reader. So, we can say that passive SAW RFID systems are
“noise-limited”, and passve CMOS RFID systems are
“voltage-limited”, practically associating a higher read range
with SAW systems. One major drawback of SAW RFID
systems is due to the fact that the programming of the SAW
tags has to be done during fabrication whereas CMOS tags can
be programmed during operation. Another advantage of
CMOS tags is due the possibility to make them smart, e.g., to

run communication protocols or to implement multi-tag
systems by using sub-carrier techniques. Moreover, encryption
is not feasible with SAW tags. At the foreseeable future, there
is no killer application, i.e. high-volume application for SAW
RFID tags. However, this seems also to be the case with
CMOS RFID tags where at the moment a huge market pull
exists but the technology push clearly lacks behind. Thus, this
situation differs from the mobile radio terminal situation in the
1990s where we had a win-win situation, i.e. there was a
simultaneous market-pull/technology push situation. Another
open issue in the RFID businessis still international regulation
and standards, especialy at UHF frequencies. Electromagnetic
irradiation issues have been already successfully addressed but
privacy concerns (“Is RFID a snooper technology or a super
technology?’) are in no way regulated. So the passive RFID
raceis till far from end.
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Abstract—A novel ultra-wideband (UWB) communication system
with surface acoustic wave (SAW) matched filters that consumes
a small amount of power during operation is introduced. The
system uses a unique pulse position modulation method
combined with unique spreading codes that are achieved by
using SAW matched filters for modulation and demodulation.
We fabricated 4-GHz SAW matched filters and used them in a
UWB module comprised of these filters, low-noise amplifiers,
converters, baseband circuits, and an antenna. With the UWB
communication system, we achieved 20-Mbps real-time video
streaming. The TX and RX power consumption in the RF section
were 50 mW and 150 mW, respectively. This system is suitable
for a wireless personal area network (WPAN) that requires low
power consumption.

Keywords—UWB; SAW; wireless pulse communication;
matched filter

I. INTRODUCTION

Ultra-wideband (UWB) communication is one of the most
promising technologies for the next wireless personal area
networks (WPANs) because of its extremely high data
transmission rate with ultra-low power consumption [1].
Recently, two kinds of communication methods used for UWB
systems have been the center of attention [2]. One method is
called DS-UWB (Direct Sequence UWB), and it uses very
short pulses covering an extremely wide bandwidth spectrum.
The other is called Multi-Band OFDM (Orthogonal Frequency
Division Multiplexing). This method uses an OFDM technique
already applied in wireless LAN systems. Achieving ultra-low
power consumption with these two systems is difficult because
the DS-UWB system needs some power consuming devices
such as a high-speed clock, synchronization, and tracking loop,
for example, and the Multi-Band OFDM system needs very
complicated circuits that in turn result in high power
consumption.

The surface acoustic wave (SAW) matched filters have
been studied since the 1960s [3]. In recent years, many studies
of SAW matched filter applications for spread-spectrum-
related communication systems have been presented [4-6].
These SAW matched filters can be used for high-speed signal
processing devices that perform correlation of complex pulse
waveforms [7]. Using them achieves lower power consumption,

as well as simplification and miniaturization of circuits, as
compared to that using digital correlators with semiconductor
circuits.

In this paper, we introduce a novel UWB communication
system with SAW matched filters that can be operated with
ultra-low power consumption. The system uses a unique pulse
position modulation (PPM) method combined with unique
spreading codes. In the transmitter, two kinds of pulse trains
corresponding to the reference and data signals are transmitted
shifted by a specific delay time. These modulated pulse trains
are generated with other spreading codes for the reference
signal and the data signal, respectively, by using the SAW
matched filter. In the receiver, detecting the data by comparing
the peak position of two correlation signals demodulated from
the data pulse train and the reference pulse train by SAW
matched filters corresponding to the respective spreading codes
is possible. The SAW matched filter enables low power
consumption, simplification of the circuit, and miniaturization.
Moreover, the PPM method is robust against multipass fading.

In section II, we briefly show the SAW-UWB system with
the PPM method and present a unique spreading code to
improve the ratio of the strength of the desired correlation
signal to undesired signals (D/U ratio). In section III, we show
the device configuration to provide the high-performance GHz-
range SAW matched filter with fewer feed-through signals. In
section IV, we describe the actual implementation in a UWB
module comprised of these filters, low-noise amplifiers,
converters, baseband circuits, and an antenna, to evaluate the
performance of the SAW-UWB system. Then, we show the
system performance of the UWB module and the SAW
matched filters.

II. PRINCIPLE OF UWB COMMUNICATION SYSTEM WITH SAW
MATCHED FILTERS

A. Basic Architecture

Our developed UWB communication system exploits a
unique pulse position modulation (PPM) method [8] that is
based on an impulse radio technique and a coding technique.
The advantage of the PPM method is that the effect of multi-
path fading can be suppressed. We adopted SAW matched
filters for coding and decoding to achieve ultra-low power
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Fig. 1 Basic architecture of UWB communication system with pulse position modulation (PPM) method combined with
spreading codes.

consumption. The transmitter and receiver architectures
eliminate the need for mixers, an IF section, and most
baseband signal processing, by using SAW matched filters.
This is because the SAW matched filter can directly convert an
RF signal to, or from, a baseband signal.

The basic architecture of the UWB system with the PPM
method combined with spreading codes is shown in Fig. 1. The
system uses two orthogonal spread pulse trains that are
generated by the SAW matched filters from very short mono
pulse signals. One filter refers to a reference pulse train and the
other refers to a data pulse train. In modulation, the reference
mono pulses are generated at some constant interval
corresponding to the data rate, while the data mono pulses are
generated at a delayed time +t or —t with respect to the
reference pulse when sending Data 1 or Data 0, respectively.
Moreover, the reference and data pulses are spread to pulse
trains with orthogonal spreading codes by the TX SAW
matched filters to distinguish these pulses in a receiver. In
demodulation, the pulse trains are correlated by the RX SAW
matched filters to regenerate the reference signals and +t or —t
delayed data signals. The two correlated signals are
distinguished at a delay time discriminator and converted to
digital signals.

The system does not need a high-speed clock generator
operating at a high chip rate. Furthermore, the demodulated
reference signals are converted to digital signals, and then,
these signals are used as clock signals for synchronization in
digital signal processing. Hence, in addition, the system does
not need power consuming synchronization for digital signal
processing. This system with SAW matched filters operating in
the GHz range can achieve asynchronous communication. As a
result, we achieved ultra-low power consumption, as well as

simplification and miniaturization of circuits.

B.  New Spreading Codes for PPM Method

Some well-known spreading codes, such as the gold code
and the barker code, for example, are used for wireless
communication systems. However, they are not suited to the
PPM method we present because their modulation method
requires both a high D/U ratio and short code for a high
transmission rate.

In our modulation method, the delay time t between the
reference pulse train and the data pulse train is shorter than the
chip interval T of each pulse train. The data pulses are placed
in the reference pulse train, shifted by the delay time r.
Therefore, the output of the SAW matched filter contains both
autocorrelation and cross-correlation signals. The cross-
correlation degrades the D/U ratio of the correlation of SAW
matched filters. Assuming that the reference train is spread
with a seven-chip barker code (1-1 1 1-1-1-1) and the data
train is spread with a reversed barker code (—1-1-1 1 1-1 1),
the D/U ratio of autocorrelation is 7:1. However, the D/U ratio
of the correlation of SAW matched filters is degraded to 7:3
because the cross-correlation becomes 3, as shown in Fig. 2 (a).
Therefore, detecting the peak position of the correlation stably
is difficult.

To improve the D/U ratio, we propose a unique coding
technique suited to the PPM method. The new spreading codes
are expanded as the chip interval T' of the presented codes is
half of that of the conventional codes, i.e., T' = T/2. The delay
time 7 is also set to T'. Compared to the conventional codes,
the number of chips doubles, but the length of the pulse train is
the same. The code employs three states: -1, 0, and 1. The



Transmitted Pulse Train of
Data 1 for Barker codes

Reference Pulses
code 0)

Data Pulses
code 1 [t=+1])

Correlation Signal of Data 1

by RX Matched Filter (code 0) |~

for Reference

N R N

. Desired Response

(auto correlation)

for Data
(cross correlation)

8
6 Desired Signal Measured
4 Undesired Signal
oo 5 ol Wl i
2
= 0
>
) -2
= 1 " ' ¥ W
-4
-6
-8
0 50 100 150
Time (nsec)
(a)
[Transmitted Pulse Train of 0 : 1 : 1 :1: 0: 2:2: 1 : 01_1:_1: 1 :_2: 1
Data 1 for new codes I T TR N S S S Y S S
Reference Pulses 011101-11011:1101010,-1:1,-1;
newcode0) |, a0
Data Pulses 10111010111111101-110}0}-1}1
new code 1 [t=:

Desired Response

Correlation Signal of Data 1 oo o1
by RX Matched Filter (new

code 0)
e, 01-111101-11010}1,0,-1}-11-4, 7,111,001, 0} 011,01 1,10,
o A erelation) oldl1lalalolal1l1ll13010203 4 1 1 0l 0l 1! ll 1 Lo
12
Desired-Signal Measured
8
o) 4
S Undesired Signal i
o s
2
= 0 |
g \
Sl
-8
=12
0 50 100 150
Time (nsec)
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(b) new spreading codes.

autocorrelation and cross-correlation signals are also
overlapped because the reference and data chips are permitted
to overlap each other. If a cross-correlation is added to
autocorrelation at the correlation peak and cross-correlations
are canceled by autocorrelations in the side-lobe, we can obtain
the bigger desired signal and the smaller undesired signals.
Therefore, the D/U ratio can be improved using this idea.

Next, we show an example of the new spreading codes for
the PPM. The correlation signals of the new spreading codes,
where the reference spreading codeis (0 1 0-1011000-1 1-
1) and the data spreading code is (0 1 00111 0-10 0-1 1),
are shown in Fig. 2 (b). The effective number of chips is the
same seven chips, as in the case of Fig. 2 (a). As shown in Fig.
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Fig. 3 Feed-through cancellation concept by symmetrical
configuration.

2, a D/U ratio of about 10:2 can be achieved, and this
improvement is twice that of the seven-chip barker code. This
is because the correlation peak grows from 7 to 10 because of a
cross-correlation and the side-lobe levels are suppressed to
about 2.

III. SAW MATCHED FILTER FOR UWB COMMUNICATION
SYSTEM

The tap arrangements of the SAW matched filter for our
UWB communication system were designed on the basis of the
new spreading codes described in the previous section. The
structure of the SAW matched filter was designed by using a
full-wave simulation method to reduce unwanted parasitic
effects in the GHz range. We calculated the SAW responses
with a SAW simulation based on the coupling of mode (COM)
model. An electromagnetic (EM) simulation of the structure
patterns without IDT was performed with an EM simulator
based on a moment method. We also used the EM simulator to
calculate the influence of a package. The total simulation
results of both SAW and EM were combined on a circuit
simulator.

Feed-through signals leaking directly from input to output
transducers of the SAW matched filter, degrade a correlation
performance, especially for wireless pulse communication
systems operating in the GHz range. To suppress this feed-
through response, we proposed a new configuration of SAW
matched filters [9]. The feed-through cancellation concept is
shown in Fig. 3. The pattern configuration has a single-ended
input and balanced outputs. The input-output 1 and input-
output 2 patterns were designed to be symmetrical. The
individual feed-through signals of output 1 and output 2 are in
phase and of the same magnitude because of the symmetrical
device pattern. On the other hand, the SAW IDT structures are
designed so that both desired output signals are out of phase.
Consequently, the feed-through signals can be canceled and
only the desired signal can be detected with a balun.
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For the SAW-UWB system, two kinds of TX SAW
matched filter and two kinds of RX SAW matched filter were
fabricated. The chip layouts of the fabricated SAW matched
filters are shown in Fig. 4. The TX SAW matched filter
includes the reference spreading code and the data spreading
code. One TX matched filter is for the delay time of —t (Data
0), and the other is for the delay time of +t (Data 1). One RX
matched filter is for the reference signal, and the other is for
the data signal. We adopted a single electrode IDT on a 42°-Y-
X lithium tantalate substrate for a very high operating
frequency range, and we adopted a multi-track structure to

avoid the reflection effects between individual taps. The
electrodes were made of Al-Cu with a thickness of 900 A.
Each IDT consists of three finger pairs. The line and space
widths were 0.254 pm each. The propagation paths are
metallized to reduce the propagation loss of leaky surface
waves. The aperture of each track is 80 pm, and the chip size is
1.0 x 1.3 mm®. The SAW matched filter was assembled in a
2.5 x 2.0 x 0.85 mm’ ceramic package with a symmetrical
interconnection pattern by using the flip chip technique.

The measurement results obtained for the fabricated SAW
RX matched filter for spreading code (01001 110-100-1 1)
and our calculations are presented in Fig. 5. The measurement
results are in good agreement with the calculations. In the time-
domain response, the feed-through response is suppressed and
a good modulated pulse train with seven chips is detected.

IV. IMPLEMENTATION OF UWB MODULE USING SAW
MATCHED FILTERS

We fabricated a SAW-UWB module by the PPM method
to evaluate the performance of this system.

An overview of our implemented UWB module with SAW
matched filters is shown in Fig. 6. The size of the module is
110 x 45 x 13 mm’, and the RF circuit area is 36 x 40 mm®.
The communication system is a half duplex system that
switches TX/RX signals with one antenna. The interface is a
USB (Universal Serial Bus) 2.0 port, and the only power for
the module is supplied from a PC through the USB port.

A block diagram of the UWB module is shown in Fig. 7. In
the RF circuit, four kinds of SAW matched filters, low-noise
amplifiers, pulse generators, converters, and an antenna were
developed specifically for the module, and the baseband chip is
an FPGA (Field Programmable Gate Array) that was
customized for our UWB system. The SAW matched filters
with new spreading codes described in the previous section
were used. Low-noise amplifiers, pulse generators, and
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converters were made with MMIC (microwave monolithic IC)
by using the InGaP HBT process to attain high speed, low
power consumption, and a small package. The UWB ceramic
antenna was developed with a size of 10 x 5 x 1 mm® [10]. The
correlation signals of the RX SAW matched filter in the UWB
module are shown in Fig. 8. A maximum data rate of 20 Mbps
was achieved, as shown in Fig. 8.

We prepared two laptop PCs for transmission experiments
with our implemented UWB module. The modules were put in
the respective USB ports of the PCs. We transmitted MPEG1
data from one PC to the other through the modules. We
achieved an effective speed of 14 Mbps real-time video
streaming with UWB modules over a transmission distance of
five meters. The transmission speed was degraded from 20
Mbps (Max) due to error correction sequences and switching
between TX and RX. We have achieved ultra-low power
consumption, 50 mW at TX and 150 mW at RX, in the RF

Fig. 8 Measured correlation signals of RX SAW matched filter.
100 nsec/div. The data rate is 20 Mbps.

section.

We have also developed an integrated simulation tool for
the UWB communication system that includes RF and
baseband circuits. To achieve higher data transmission, the
transmission characteristics of the SAW-UWB system using
SAW matched filters with narrower pulse interval were
calculated by this simulation tool. Our simulation verified that
our UWB communication system achieves 112 Mbps data
transmission as shown in Fig. 9.

V. CONCLUSION

We have presented a novel UWB communication system
with SAW matched filters, that exploits a unique PPM method
and new spreading codes.

We have fabricated UWB modules with SAW matched
filters and achieved 20 Mbps (max) real-time video streaming
with them. Ultra-low power consumption, 50 mW at TX and
150 mW at RX in the RF component, was obtained with the
UWB communication system. The simulation verified that the
SAW-UWB system achieves 112 Mbps data transmission. The
system is suited to WPANS requiring low power consumption.
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Fig. 7 Block diagram of UWB module with SAW matched filters. The RF section consists of four kinds of SAW matched filters, low-noise
amplifiers, pulse generators, converters, and an antenna.
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Abstract—A shear horizontal surface acoustic wave (SH-SAW)
has high potential for applying it to a liquid-phase sensor. The
SH-SAW sensor can detect loaded mass on the surface, density
and viscosity products, permittivity, and conductivity,
simultaneously. Therefore, using the SH-SAW sensor, several
information of the adjacent liquid are obtained. In this paper,
we present fundamental properties of the SH-SAW and its
application for evaluating binary-mixture solutions and
methanol sensor for a direct methanol fuel cell.

L INTRODUCTION

A surface acoustic wave sensor (SAW) is widely used as
filter and resonator in high frequency circuit [1]. The SAW
propagates on a piezoelectric material surface with
concerning its energy near the surface. Therefore, the SAW
is influenced by chemical and/or physical changes of an
adjacent media and then SAW velocity and amplitude are
changed. By detecting the changes, the SAW sensor is
realized. As the SAW on the piezoelectric material is
coupled wave of particle displacements and static potential,
it is varied by mechanical and/or electrical changes of the
adjacent medium. Former is called mechanical perturbation
and latter electrical perturbation. Simultaneous detection of
the perturbations is one feature of the SAW sensor. The
SAW sensor is categorized by a propagating mode.
Rayleigh-SAW can be applied to only gas sensor [2]. For
liquid-phase sensor application, it is necessary to use shear
horizontal (SH) mode. In 1987, Moriizumi et al. proposed to
use the SH-SAW on 36YX-LiTaO,; for liquid sensing [3].
Then, the authors derived perturbation theories of the SH-
SAW sensor for liquid [4]. There are several acoustic wave
sensors other than the SAW sensors [5, 6]. Thickness shear
mode (TSM) sensor, which is called quartz crystal
microbalance (QCM), SH acoustic plate mode (APM) sensor,
and Love wave or guided SH-SAW sensor have been
developed. The advantage of the SH-SAW sensor is high
sensitive and simultaneous detection of liquid mechanical
and electrical properties. Especially, as 36YX-LiTaO; has
the high electromechanical coupling coefficient, the SH-
SAW sensor, which is fabricated on it, can detect liquid

This work was partially supported by Industrial Technology Research
Grant Program in *05 from New Energy and Industrial Technology
Development Organization (NEDO) of Japan. )

electrical properties with high sensitivity.

In this paper, two applications of the SH-SAW are
described. First, the evaluation of binary-mixture solutions
of glucose and ethanol is presented. The aim of this research
is to apply the SH-SAW sensor for fermentation process
monitoring. The second is the detection of methanol
concentration. The development of fuel cells has rapidly
progressed due to environmental issues regarding global
warming and the need for a substitute fuel for petroleum [7].
A direct methanol fuel cell (DMFC) is one of such cells, in
which methanol is used as the raw material. A peculiarity of
the DMFC is the possibility of miniaturization, so it can be
used as a cell for mobile electronics, such as laptop PCs. As
the efficiency of the DMFC depends on the concentration of
methanol, a methanol sensor is required. As the SH-SAW
sensor can detect the permittivity of the solutions, the
detection of methanol concentration at high temperature is
performed. Moreover, the influence of the formic acid is
discussed.

II. DETECTION MECHANISM

The velocity and field distributions of the SAW are
calculated by the Campbell and Jones method [9]. Table I
summarizes the velocity and particle displacement ratio at
surface, when pure water was loaded onto the 36 YX-LiTaO,.
It is found from the table that the propagating wave on the
36YX-LiTaO, is the SH mode. Figure 1 shows the SH
particle displacement, u,, and piezoelectric potential, ¢,
profiles at the pure water and 36YX.LT interfaces. Figure
1(b) shows the magnification of the SH particle
displacements in the water. Subscripts of f and s mean the
electrical free and shorted surfaces, respectively. When the
surface is electrically shorted, the potential becomes to zero.

Table I. SAW velocity and particle displacement ratio at
propagating surface. Propagating surface is free or shorted.
The particle displacements of ul, u2, and u3 show those of
x1, x2, and x3 directions in Fig.3 respectively.

Surface Velocity Particle displacement ratio
(m/s) (ul :u2:u3)
Free 4161.7 0.011:1.0:0.093
Shorted 4110.8 0.030:1.0:0.13
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Figure 1. (a) Particle displacement, u,, and piezoelectric
potential, ¢, profiles at the interface between 36YX.LT and

water. (b) Magnification of particle displacement profiles
in water. Subscripts of s and f mean electrical shorted and
free surfaces, respectively. Here, A : wavelength.

In such case, only particle displacement interacts with the
adjacent liquid. This interaction is called as the mechanical
perturbation or mechanical interaction. On the other hand,
the particle displacement and potential interact with the
adjacent liquid, when the propagating surface is electrical
free. Interaction between the potential and the adjacent
liquid is called as the electrical perturbation or the
acoustoelectric interaction. If the electrical perturbation is
only detected, the mechanical perturbation must be canceled.

III. THREE-CHANNEL SH-SAW SENSOR

Based on the detection mechanisms of the SH-SAW
sensor, we designed a three-channel SH-SAW sensor as
shown in Fig. 2 [9]. The propagating surfaces of channels 1
and 2 are metallized and electrically shorted by gold and
chromium evaporated films. Channel 3 has a free surface
area in a propagating surface. Two Liquid cells were placed
on the propagating surface, as shown in Fig. 3. Reference or
sample liquids are injected into the cells. The liquid cell on
channel 1 is for reference liquid. Reference or samples are

Channel 3

Free surface

Figure 2. Schematic drawing of the three-channel SH-
SAW sensor.
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generator = | ¢ ¢ voltmeter
N
/ Ch—
BV Ch. 2 Qf
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Z Liquid cell

Figure 3. The experimental system with the three-channel
SH-SAW sensor.

putted into the other cell on the channels 2 and 3. The
differential signals between channels 1 and 2 involve the
information about the mechanical properties of liquid and
mass loading effect onto the surface. On the other hand, the
electrical properties of liquid are obtained from the
differential signals between channels 2 and 3. In this case,
the mechanical perturbations are cancelled due to measuring
the differential signals. Center frequency of utilized SH-
SAW sensor is 50 MHz.

The experimental system is illustrated in Fig. 3. The
system consists of a signal generator (Anritsu MG3601A), a
vector voltmeter (Agilent 8508A), and a VHF switching unit
(HP 3488A). All systems are controlled by an external PC
via GPIB. The VHF switching unit was used for selecting
the two channels of the three-channel SH-SAW sensor. The
phase and amplitude are obtained from the vector voltmeter.
A velocity shift, AV /V , and an attenuation change, Aa/k
are derived from the phase shift and amplitude ratio between
reference and sensing channels. Here, £ is a wave number.

IV. APPLICATION OF THE SH-SAW SENSOR

A. Evaluation of binary-mixture solutions

In the fermentation process, the glucose changes to
alcohol due to catalytic reaction of the brewer's yeast at the
anaerobic environment. One application of the SH-SAW



sensor is a monitoring system for a fermentation process for
alcohol drink. At initial stage of this research, binary
mixture solutions of glucose and methanol were measured.
Four-dimensional date, which were phase shift and
amplitude ratio between channels 1 and 2 and between
channels 2 and 3, were obtained from a measurement. Five
measurements were performed for each sample. All results
of glucose and ethanol aqueous solutions are plotted in Fig. 4.
The abscissa is concentration and the ordinates are phase
shift or amplitude ratio between the reference and sensing
channels. As the sample solutions were nonelectrolytes,
similar results were obtained. The density and viscosity
products increase with increasing the concentration, the
phase shift and the amplitude ration between channels 1 and
2 decrease. The phase shift and the amplitude ration
between channels 2 and 3 increase due to change of the
electrical properties. Whereas magnification of phase shift
for the ethanol solution is larger than that foe the glucose
solution, it is difficult to evaluate the binary mixture
solutions on the basis of the phase shift and amplitude
change.

To evaluate the results, principal component analysis
(PCA) was used [10]. The PCA transforms the original data
set of variable into a smaller set of linear combination. The
purpose of the PCA is to determine factors, which are called
as principal components, in order to explain as much of the
total variation on the data as possible with as a few factors as
possible. Figure 5 shows the calculated results. The abscissa
is the first principal component (PC1) and the ordinate the
second principal component (PC2). The contribution ratios
for PC1 and PC2 were 86.7 % and 11.5 %, respectively.
These values mean that the information loss from the
original four-dimensional data set is 1.8%. The PCl1
indicates the concentration of the sample. Minus side of the
PC2 is the glucose solutions and plus side of that is ethanol
solutions. Therefore, using this figure, the evaluation of the
samples can be carried out.

The mixed solutions of glucose and ethanol solutions
were prepared and measured using the three-channel SH-
SAW sensor. The obtained results were calculated on the
basis of the PCA. The results are shown in Fig. 6. In the
figure, the mixed solutions of 20 wt.% glucose and 20 vol.%
ethanol, and 20 wt.% and 15 vol.% ethanol are plotted. The
mixture ratio of the both samples is also written in Fig. 6.
The points of the mixed solution locate on the line between
the glucose and ethanol solutions. With increasing the ratio
of ethanol, the points approach to the ethanol solution. Other
glucose and ethanol solutions were also mixed, measured,
and calculated. Similar results with Fig. 6 were obtained.
Therefore, we have concluded that the three-channel SH-
SAW sensor is able to apply for evaluation of the binary-
mixture solutions.

B.  Measurements of methanol concentration

The permittivity of the methanol solution is changed by
changing its concentration. In the measurements, the SH-
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Figure 4. Phase shift and amplitude ratio between
channels 1 and 2, or channels 2 and 3 as a function of
concentration.  (a) Glucose solution and (b) ethanol
solution. e and m: phase shift, o and o: amplitude ratio.

SAW sensor with Ch. 2 and Ch. 3 were used. The operating
temperature of the DMFC is normally higher than 50" C. To
apply the SH-SAW sensor for the methanol sensor of the
DMFC, we must know the relationships between
concentration, temperature and sensor responses. For this
purpose, a desktop high-temperature chamber (Espec ST-
120) was used for temperature control. The SH-SAW sensor
with a liquid cell was placed into the chamber. Temperature
was varied from 25 °C to 60 °C. Temperature was measured
using a thermocouple thermometer (Fluke 51K/J). Also,
methanol concentration was varied from 0 to 50 % by weight.
Distilled water at 25 °C was used as the reference solution.

Experimental results of the phase shift between reference
water and samples are shown in Fig. 7. The lines in the
figure are the best-fit lines. Linear relationships between
concentration and phase shift are obtained. The slope
increases with temperature. In other words, the sensitivity of
the SH-SAW sensor increases with temperature. Also, high
correlation coefficients are obtained. The concentration
resolution was estimated on the basis of time stability.
Concentration resolutions at 25 °C and 60 °C are 0.13 and
0.10 % by weight, respectively. The optimum concentration
of methanol is determined for a DMFC. The estimated
concentration resolution is sufficient for practical purposes.
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During electrode reactions in DMFC, hydrogen ions are
generated from the methanol [7]. During the process of the
electrode reaction, formic acid is also generated [7]. As the
formic acid is mixed in the methanol solution, it is necessary
to consider the method of methanol determining
concentration in methanol-formic acid binary-mixture
solution. The concentration of the formic acid in solutions is
known to be less than 0.1 % by weight. Figure 8 shows the
measured results of the mixture solution. The concentration
of methanol was fixed at 10 % by weight. When the formic
acid is not involved in the solution, the methanol
concentration can be determined from the phase shift, as
shown in Fig. 8. For the mixture solution, however, the
sensor responses become complicated, because the
conductivity increases with the formic acid concentration.
Phase shift and amplitude ratio decrease with increasing
formic acid concentration. These results are reasonable.

To consider the method of determining the methanol
concentration, AV/V and Ao/k are derived from phase shift
and amplitude change, respectively. The obtained values are
plotted on the AV/V-Ao/k plane, as shown in Fig. 9. The
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Figure 7. Experimental results of methanol solution.
Symbols shows the temperature, as follows: e 25 °C, «
30°C,m35°C, ¥ 40 °C, 045 °C, A 50 °C, o 55 °C, and
» 60°C.4

plotted data were measured at room temperature. The dots
denote the experimental data. M and F in the figure
represent methanol and formic acid, respectively. The
numbers indicate the concentration. For example, M5 is 5 %
methanol by weight and M10+F0.1 is the mixture solution of
10 % methanol and 0.1 % formic acid. Straight lines in the
figure are used to connect points. Now we consider the
quadrilateral ABCD. Segments AD and AB indicate the
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Figure 8. Experimental results of methanol and formic acid
binary-mixture solution. (a) Phase shift and (b) amplitude
ratio. Methanol concentration is fixed at 10 % by weight
and formic acid concentration is a parameter.
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Figure 9. Evaluation of methanol and formic acid binary-
mixture solutions. Black circles: experimental results, X
(triangle): unknown sample. M and F denote methanol
and formic acid, respectively. The numbers indicate the
concentration of the solution.

concentrations of methanol (0-5%) and formic acid (O-
0.02%), respectively. The measured data on AV/V-Aa/k
plane was performed the coordinate formation to AD-AB
plane, and the concentrations were estimated using following
equations.

x=21014(AV/V) + 3543(Aak) (1)

y=—1.683(AV/V) +17.52(Aovk) )

Where x and y are the concentrations of methanol and formic
acid, respectively. For example, the experimental result of
the unknown concentration is located at the point (X)
denoted by a triangle in the figure. The results of velocity
shift and attenuation change were substituted into eqs. (1)
and (2). The estimated results are 3.9 % methanol by weight
and 0.009 % formic acid by weight.

V.  CONCLUSIONS

The advantage of the SH-SAW sensor on the 36 YX.LT is
simultaneous detection of the liquid properties. The three-
channel SH-SAW sensor is proposed for the purpose. In this
paper, the three-channel SH-SAW sensor is applied for
evaluating of the mixed solutions of glucose and ethanol.

The mixture solutions are evaluated using the PCA. Then,
the SH-SAW sensor is applied for methanol concentration
detection for the DMFC. The experimental results indicate
that the sensitivity increases with temperature. Also, the
resolution was derived from the experimental results to be
0.10 % by weight at 60°C. Therefore, the SH-SAW sensor is
suited for use as a methanol sensor for DMFC. Moreover,
the influence of formic acid was considered. A method of
estimating methanol concentration in methanol and formic
acid mixture solution was examined. A simple and effective
method was proposed. Developing a SH-SAW sensing
system for DMFC is future work.

ACKNOWLEDGMENT

The author thanks Dr. Showko Shiokawa, Mr. Yoshikazu
Matsui for advises and comments for works.

REFERENCES

[11 M. Kadota, “Development of Substrate Structures and Processes for
Practical Applications of Various Surface Acoustic Wave Devices, ”
Jpn. J. Appl. Phys., 44, pp.4285-4291 (2005).

[2] H. Wohltjen, R. Dessy, “Surface Acoustic Wave Probe for Chemical
Analysis. 1. Introduction and Instrument Description,” Anal. Chem.,
51.9, pp.1458-1464 (1979).

[31 T. Moriizumi, Y. Unno, S. Shiokawa, “New Sensor in Liquid Using
Leaky SAW”, Proc. IEEE US Symp., pp.579-582 (1987).

[4] J. Kondoh, S. Shiokawa, Liquid Sensor Based on a Shear Horizontal
SAW Device, Trans. IEICE, J75-C-1I, 5, pp.224-234, May 1992 [in
Japanese]; [translation] Electronics and Communications in Japan
Part II: Electronics, 76, 2, 69-82, 1993.

[5] D.S. Ballantine, R. M. White, S. J. Martin, A. J. Ricco, E. T. Zellers,
G. C. Frye, H. Wohltjen, Acoustic Wave Sensors, Academic Press,
1997.

[6] S. Shiokawa, J. Kondoh, Surface Acoustic Wave Microsensors, Trans.
IEICE, J78-C-I, pp. 573-579, November 1995 [in Japanese];
[translation] Electronics and Communications in Japan Part II, 79,
pp-42-50, 1996.

[71 J. Larmine, A Dicks, “Fuel Cell Systems, Explained,” Tokyo:
Ohmsha, 2004 (Japanese edition).

[8] J. J. Campbell, W. R. Jones, Propagation of Surface Waves at the
Boundary Between a Piezoelectric Crystal and a Fluid Medium, IEEE
Trans. Sonics and Ultrasonic., SU-17, 2, pp.71-76, 1970.

[91 J. Kondoh, K. Saito, S. Shiokawa, H. Suzuki, “Simultaneous
Measurements of Liquid Properties Using Multichannel Shear
Horizontal Surface Acoustic Wave Microsensor,” Jpn. J. Appl. Phys.,
35, 5B, pp-3093-3096 (1996).

[10] W. R. Dillon, M. Goldstein, Multivariate Analysis, John Wiley &
Sons, Chap.2, 1994.



Liquid-Phase Sensor Using SH-SAW on Quartz

Hiromi Y atsuda and Takashi Kogai
Japan Radio Co., Ltd.

Abstract— In order to realize miniature biosensors for real-time,
rapid and direct detection, a liquid-phase sensor using shear
horizontal surface acoustic waves (SH-SAWSs) on ST-cut quartzis
presented. On the sensor chip, there is an SH-SAW delay line
that is composed of a transmitting interdigital transducer (IDT),
receiving IDT and a biochemical reaction area in between them.
The biochemical reaction area is surrounded with epoxy wall to
protect the IDTs from liquid. In order to evaluate the
performance of an SH-SAW delay-line sensor, C-reactive protein
antibodies with different concentrations are provided to the
biochemical reaction area. The phase changesin the S21 response
of a 250 MHz SH-SAW delay-line at a fixed frequency are
measured on real-time and it is confirmed that different phase
changes are obtained for different antibody concentrations.
Furthermore, a concept of one-chip biosensor system that is
composed of SH-SAW delay linesfor sensing and additional IDTs
to excite Rayleigh type SAWs for SAW streaming on a chip. In
this paper, one-chip quartz-based liquid-phase SH-SAW delay-
line sensor systems with pumping and agitating functions using
Rayleigh type SAWSs ar e demonstr ated.

Keywords; Sensor; SAW; SH-SAW; C-reactive protein;

l. INTRODUCTION

Miniature and low-cost liquid-phase sensor systems have
been required in some applications such as environment, food
industry, medicine and so on. Miniaturization can alow not
only to realize portable but also to reduce the reagent volume
and to shorten process time by diffusion driven reactions.
Those sensor systems [1], such as a lab-on-a-chip or micro
total analysis systems (UTAS), generaly require a sensing
function in liquid-phase and a fluidic function on the chip.

Acoustic wave based sensors are suitable for
miniaturization. Those sensors have been successfully
investigated for the detection of bio-chemical compounds due
to the need for real-time, rapid and direct detection where the
device is in direct contact with the solution. Quartz crystal
microbalances (QCMs) are one of the most popular acoustic
devices in the field of bio-chemical applications and there are
many papers about QCM immunosensors [2]. On the other
hand, it has been known that shear horizontal surface acoustic
waves (SH-SAWSs) are suitable for liquid-phase sensors [3-5].
Since SH-SAW has a horizontal polarization in the direction
normal to the propagation direction parallel to the substrate, the
SH-SAW energy is lessradiated into the liquid. Although some
SH-SAWSs exist on severa substrates, LiTaO3[3], LagGasSiO,
[4] and Quartz [5], the liquid sensing systems using SH-SAW

Epoxy wall

Reactive Area

Figure 1. Configuration of SH-SAW liquid-phase sensor.

on LiTaO; substrate to detect the density and viscosity products,
relative permittivity and conductivity of the liquid have been
studied for along time. However, there has been a few papers
for miniature one-chip biosensor using acoustic sensor devices.

On the other hand, since a Rayleigh type SAW can be
attenuated in liquid, it has been believed that the SAW cannot
be utilized for liquid-phase sensor devices. However, after the
phenomena that liquid on the surface of the device is
dynamically moved and streamed toward the SAW propagation
direction was found [6], some papers about the positioning
systems of small liquid droplet using SAW [7,8] have been
published. In those papers, LiNbO; substrates were generally
used for the SAW fluidic-systems because there are some
SAWSs with alarge el ectro-mechanical coupling coefficient that
can be efficiently excited along some axes within the wafer
plane.

This paper shows experimental results of quartz-based SH-
SAW liquid-phase sensors using C-reactive protein and gives a
concept of one-chip biosensor systems using SAW and SH-
SAW. On one-chip sensor devices, the SH-SAWs can be
utilized for sensing and the SAWs can be utilized for pumping
or agitating. This work is the first step for a one-chip
multifunctional biosensor or “lab-on-a-chip”.

II. SH-SAW DELAY LINE SENSORWITH LIQUID CELL
SURROUNDED WITH EPOXY
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SH-SAWs on ST-cut Quartz substrates have a big Soiieedesidi=mok Gas Phase -
advantage of excellent temperature stability in contrast to other oo oAy ?Y === Liquid Phase.
SH-SAWSs on LiTaO; substrate. The first order temperature |
coefficient of SH-SAW on Quartz is amost zero and the
second order temperature coefficient is around -0.04 ppm / °C?.
On the other hand, the SH-SAW on LiTaO; substrate has a
temperature coefficient of about -35 ppm / °C . In order to
evaluate the basic performance of the SH-SAW liquid-phase
sensor on Quartz, we designed an SH-SAW delay-line on 37° o
rotated y-cut Quartz substrate with aliquid cell as shown in Fig. 1 Il IR |
1. The transmitting and receiving SH-SAW IDTs are placed 230 240 250 260 270
with a center-to-center distance of 6 mm between them. A Frequency [MHZ]
liquid cell is placed between the IDTs that was surrounded with
epoxy wal in order to protect the IDTs from liquid. The Figure 2. Frequency responses of SH-SAW liquid-phase sensor.
electrode periodicity of the IDT is a 20-micron-meter
wavelength with double electrode fingers and the center
frequency of the SH-SAW delay-line is around 250 MHz. The )
IDTs have an aperture of 2 mm and a number of finger pairs of Thermostatic
50. In the liquid cell, there is a reaction surface that was Network Chamber
covered with evaporated gold film. The reaction surface was Personal
surrounded with epoxy wall with a height of about 60 micron Analyzer ]

meters. The wall was realized by a photo-lithography technique Computer r
using photosensitive epoxy film with a 60 micron meters 0oo

thickness, that is a popular material for Micro Electro . GP-1B |:| o _ l
Mechanical Systems technology. The SH-SAW can be — ‘ L Jﬁ
attenuated under the epoxy wall. The propagation loss of about

0.75 dB/wavelength at 250 MHz SH-SAW was obtained in our

experiments. The photolithography technique provided a thin

wall with a thickness of 40 micron meters or about two Figure 3. Measurement system.

wavelengths for the 250 MHz device. Then the increase of
insertion loss of SH-SAW delay-line due to epoxy wall was
about only 3 dB.

The frequency response of the SH-SAW delay-line sensor
device is shown in Fig. 2. The dashed line shows the response
without water. The insertion loss was 27 dB including the
propagation loss of 3 dB at epoxy wall. The solid line shows
the response with water. The increase of the insertion loss was
about 12 dB due to liquid-phase sensing on the shorted layer at
reaction area.
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A schematic diagram of the measurement system is shown -
in Fig. 3. The sensor devices are placed in the oven with a -0.15L . L . L .
constant temperature at a 25 degree centigrade. The phase 0 10 20 30
response and the insertion loss of the SH-SAW delay-line are Time [min] 30 [sfdlv]
measured using a vector network analyzer and a persona
computer. When the SH-SAW is propagating at the reaction Figure4. Fractional SH-SAW velocity changes with different antibody
area, the SH-SAW propagation characteristics which are the concentrations.
phase response and insertion loss can be changed.
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Since the surface of the reaction area was covered with
evaporated gold film, the mechanical perturbation can be
efficiently detected. Then when buffer liquid with antibodies is
injected into the liquid cell, the antibodies can be absorbed onto
the gold surface. The velocity of the SH-SAW at the reaction
area covered with gold film can be changed due to antibodies
absorption. Figure 4 shows some experimental results using
buffer liquid with C-reactive protein antibodies [2]. C-reactive
protein antibodies with different concentrations were provided
to the biochemical reaction area. The phase change in the S21 1072 100 17 10t
response of the SH-SAW delay-line at a fixed frequency has Antibody concentration [ pg/mi]
been monitored on real-time. In Fig. 4, the vertical axisis the
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Figure5. Fractional SH-SAW velocity changes with different antibody
concentrations.



fractional velocity change of the SH-SAW that was obtained
from the measured S21 phase changes. SH-SAW velocity can
be changed by surface condition with antibody adsorption on
the reaction area. It was confirmed that different velocity
changes were obtained with different antibody concentrations.
Antibody in the buffer can be adsorbed spontaneoudly to the
gold surface on the reaction areain liquid-phase. The fractional
velocity changes versus C-reactive protein antibody is shown
in Fig. 5. The insertion losses were almost the same with
different concentrations in liquid-phase. On the other hand,
after rinsing and drying, the S21 responses were measured
again. The insertion losses and fractiona velocity changes are
shown in Fig. 6 and Fig. 7, respectively. The results indicate
that antibody in the buffer can be adsorbed spontaneously to
the gold surface on the reaction area, even though after rinsing
and drying.

I1l.  ONE-CHIPLIQUID-PHASE SENSOR USING SAW AND
SH-SAW

Two different acoustic waves, a Rayleigh type SAW and an
SH-SAW can be efficiently excited on 37° rotated Y-cut
Quartz substrate as shown in Fig. 8. The Rayleigh type SAW
on 37° rotated Y -cut Quartz substrate can be effectively excited
to x-direction on the surface. The eector-mechanical coupling
coefficient of the SAW is about 0.16 %. It is not so big but
good enough to excite SAW that can push or agitate a droplet
on the substrate. On the other hand, the SH-SAW can be
efficiently excited normal to the direction of the SAW
propagation direction on the substrate. The SH-SAW can be
suitable for liquid-phase sensors that can provide real-time,
rapid and direct detection where the device isin direct contact
with the solution.

A concept of one-chip liquid-phase sensor on Quartz
substrate is shown in Fig. 9. On the sensor chip, there is a SH-
SAW delay-line that is composed of a transmitting interdigital
transducer (IDT), receiving IDT and a biochemical reaction
area in between them. And there is another IDT that excites a
Rayleigh type SAW to push or agitate a droplet. When a
Rayleigh type SAW is propagating under the droplet on the
substrate, the SAW is attenuated and radiated a longitudinal
wave into the droplet [8]. If the SAW amplitude is high enough,
the force induced by acoustic streaming is high enough to push
the droplet in the SAW propagation direction. When the SAW
amplitude is low, the droplet cannot be moved but the
longitudinal wave that was radiated into the droplet can shake
or agitate the droplet.

Two types of one-chip sensors using SAW and SH-SAW
were demonstrated for pumping and agitating. Figure 9 shows
the one-chip sensor system using a 50 MHz SAW and a 250
MHz SH-SAW in this study.

A. One-chip sensor using SAW for pumping

For biosensor devices, some processes may be required,
which are to inject a droplet to the reaction area, to rinse the
reaction surface and to react the immunoassay at the reaction
area. After the droplet with 20 micro litters is placed at the
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Figure 6. Fractional SH-SAW velocity changes with different antibody
concentrations after rinse and dry.
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Figure 7. Insertion loss changes with different antibody concentrations
after rinse and dry.

Quartz Wafer

Figure8. SAW and SH-SAW on Quartz substrate.

dispense area using a dispense machine, the droplet can be
transported to the reaction area by the SAW launched at the
SAW IDT. The Figure 10 shows an experimental result of this
process. The insertion loss and phase changes of the SH-SAW
delay-line response were measured during some steps, 1l)a
droplet with Latex with 20 micro litters was dispensed at the
dispense area, 2)after 7.5 minutes, the SAW was exited for 2
minutes. As shown in Fig. 10, the droplet was transported to
the reaction area by the SAW and the fractional velocity
change of the SH-SAW delay-line was observed.
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Figure 9. One-chip SH-SAW sensor with pumping and agitating system
using SAW.

B. One-chip sensor using SAW for agitating

Figure 11 shows the insertion loss and phase changes of the
SH-SAW delay-line response. Those were measured during
some steps, 1)started the measurement, 2)after 5 minutes, a
droplet with Latex with 20 micro litters was dispensed at the
reaction area, 3)after 10 minutes, the SAW was exited for 2
minutes.

After the droplet was injected into the reaction area, the
SH-SAW velocity was changed slowly for the next 10 minutes.
After the SAW was excited, the SH-SAW velocity was
changed rapidly. It means that the reaction between the gold
layer on the reaction areaand Latex in liquid can be accelerated
by the SAW. The SAW can be used for agitating or mixing the
liquid.

IV. CONCLUSION

A concept of a one-chip biosensor system using SAW and
SH-SAW was presented. The SH-SAW can be utilized for
sensing and the SAW can be utilized for pumping or agitating.
On the sensor chip, there is an SH-SAW delay-line that is
composed of a transmitting IDT, receiving IDT and a
biochemical reaction area in between them. And there is
another IDT on the sensor chip that can excite a Rayleigh type
SAW to carry a droplet or to agitate a droplet at the
biochemical reaction area. The one-chip quartz-based liquid-
phase SH-SAW delay-line sensors with pumping and agitating
functions using SAW were demonstrated. This work is the first
step for a one-chip multifunctional biosensor or “lab-on-a
chip”.
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Figure 10. Experimental result of pumping system using SAW.
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Figure 11. Experimental result of agitating system using SAW.
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Abstract- This paper presents the concept of orthogonal
frequency coding (OFC) for applications to SAW device
technology. OFC is the use of orthogonal frequencies to
encode a signal, which spreads the signal bandwidth in a
manner similar to a fixed M-ary frequency shift signal.[1-3]
Also, a pseudo noise (PN) sequence can be added for
additional coding. The OFC technique provides a wide
bandwidth spread spectrum signal with all the inherent
advantages obtained from the time-bandwidth product
increase over the data bandwidth. The theory of OFC is
presented and discussed; defining the fundamental equations
and showing the time and frequency domain relationships.
The application of OFC to SAW devices for tagging will be
introduced.

. l. INTRODUCTION

This paper presents the concept of orthogonal
frequency coding (OFC) for SAW communication, tag and
sensor applications. OFC is a spread spectrum technique for
encoding the SAW device which has the inherent
advantages of processing gain and security and allows both
frequency and PN coding. This paper presents the basic
theory, the OFC coding approach, a comparison to other
approaches of tagging, SAW device implementation
concepts and system considerations.

Il.  SINGLE FREQUENCY SAW TAG DiscussION

Before proceeding to the OFC theory, it is useful to
discuss a single frequency tagging SAW approach. This
provides a basis for comparison of some properties and
parameters. Currently, SAW tags and sensors are
commonly implemented using several identical single
frequency reflectors. The device is excited with a single
carrier RF burst that generates a surface wave that is

partially reflected from each of the N inline, unweighted
reflectors shown in Figure 1. An amplitude shift keying
(ASK) or phase shift keying (PSK) receiver can be used
with this device in order to determine the reflected pulse
locations that indicate the device code and/or the sensed
information.[4-8] Alternatively, tag identification and
sensor readout can be accomplished by applying the tag
response to a matched filter based on the bit locations and
phases [9,10]. In the following discussion, these receiver
architectures are investigated with the goal of quantifying
tag insertion loss excluding transducer and propagation
losses. Figure 1 shows a schematic drawing of a single
frequency SAW tag and the desired impulse response.

17
2

==—.
I=———
I=———
I=——— I
iI=———t
=-

Response 3 rl-:
L

Impulse

1 00...

Figure 1. Schematic drawing and impulse response of
single frequency SAW ID tag. All reflector gratings are in
one track besides the input transducer.

The desired impulse response is a series of reflected pulses
with time locations corresponding to the physical locations
of the reflectors. The true impulse response of the device
shown contains spurious pulses that are generated due to
multiple reflections between the reflectors. In the following
analysis, these undesired signals are not considered when
considering the total power that is returned to the input
transducer.

The amount of power received from n™ reflector is
P(n)=R-T*"Y (1)
where R and T are the bit power reflection and
transmission coefficients, respectively, and, assuming no
propagation loss, conservation of power yields

R+T =1 (2)
where R<1and T <1. In ASK and PSK receivers, the
tag insertion loss is defined by the bit with the lowest power
level which, using (1), is the furthest bit from the input
transducer. Consequently, it is desirable to choose the
reflection coefficient R in order to maximize the power
returned from the last bit in the sequence. Given a bit count
. N, (1) and (2) are used to define the power received from
the last bit as

Plast(R): R'(:l'_R)ZN_2 @)
The power received from the last bit B, is plotted versus

bit reflection coefficient in Figure 2 for three different bit
counts.
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Figure 2. Power received from last bit vs. reflection

coefficient, R, in single frequency SAW tag for bit counts
equal to 8 (blue), 12 (green), 16 (red).

Note that the optimal reflection coefficients are represented
by the peaks in Figure 2, and are defined for a given bit

count N as
Ropt(N) = (2N _1)_1 (4)

Substituting (4) into (3), the maximum power received from
the last bit versus bit count is plotted in. As seen in Figure
3, the loss associated with the last bit is relatively high,
which in ASK or PSK systems, limits the SNR accordingly
and ultimately leads to a reduction in readout distance.
Figure 4 shows the power received from the last bit relative

to the first given that the bit reflectivity is Ropt. The plot

gives a measure of reflected signal power variation versus
bit count, N . For increasing bit count, the ratio

asymptotically approaches e, which implies that
maximum power variation in the reflected signal is 4.34 dB.

Power received
from last bit (dB)

Bit count, N

Figure 3. Power received from last bit, in dB, versus bit
count N given Ropt. The plot gives a measure of tag

insertion loss which is shown to be relatively high.

Bit count, N
Figure 4. Power received from the last bit relative to the first
bit versus bit count N given R . Plot demonstrates the

amplitude variation of the tag impulse response. For

increasing bit count, N , the ratio asymptotically approaches
-1

e-.

The SNR of the single frequency SAW tag system can be
improved by applying the received tag signal to a matched
filter similar to DS/SS. In addition, the reflectors can be
phase coded to provide multiple access operation similar to
CDMA communication systems.[9,10] The following
analysis considers an optimal reflection coefficient given
that a matched filter is used for demodulation. Since the
matched filter integrates the power received from all bits in
the tag, the tag power is defined by the total amount of

reflected power from all N reflectors, and is defined using
(1) as

N 1-T2N
Pac(N) =2 P(n) = (5)
“ Z; 1+7

In order to ensure the orthogonality of the PN codes used,
the variation in power received from the bits is limited by
the equation

P(N) — Plast =X (6)

P@ R
where X defines an acceptable ratio of the powers in the
last and first bits. For a given power ratio X, the bit
transmission and reflection coefficients are defined using
Equations (2) and (3) as

T= X%szz)
(7)
R=1—x ()

Furthermore, the total power received given the requirement
in (6) yields
"
1—x/N+
Pt (N, X) =———— (8)
L4 x/ 002

Equation (8) can now be used to define the single frequency
SAW ID tag insertion loss, excluding transducer loss, for a
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Figure 5. Total reflected power vs. bit count for three bit
power variation ratios (blue - 10%, red - 50%, green -
75%).

given bit count N and bit power variation X. The total
reflected power that contributes to the correlated
compressed pulse is plotted for three bit power variations in
Figure 5.

Note the power received is maximized for bit counts under
five; however, such low bit counts severely limit the number
of identifiable tags. For larger bit counts, the received
power approaches a nonzero minimum value defined by

P =22 ©

Equation (9) provides a theoretical upper limit of 3 dB for
the tag loss of a single frequency SAW ID tag with practical
code diversity. The 3 dB limit assumes no power is
received from the last bit. In practice, a more sensible tag
loss is 6 dB assuming that the last bit provides half the
power of the first. Equation (9) implies that code diversity
can be increased indefinitely with little increase in tag loss;
however, what is practically realizable in a SAW device will
set an ultimate limit.

Ill.  ORTHOGONAL FREQUENCY THEORY
Consider a time limited, nonzero time function

defined as[11]
N
h(t) = a -0, |t <=
D antn(® fth <2
n=0
=0, |f=2

> (10)

where ¢, (t)=cos (n_ntj

T

The function, ¢, (t) , represents a complete orthogonal basis

set with real coefficients a,. The members of the basis set
are orthogonal over the given time interval if

| o9y dt =K, n=m
ki (11)

=0, n=#m
where K, = constant.
Given the basis set and constraints, two functional
descriptions are obtained which have the forms:

N 2n-mt | rect(t)
hi(t)= ) kil P
(t) E ap cos[ - j -
n=0 (12)

M
ho() = Z bm-cos[(szr 1)~7ct}rect(t)
m=0

T T

Each cosine term in the summations in (12) represents a
time gated sinusoid whose local center frequencies are given
by

f,=2 and f =42 (13)
In the frequency domain the basis terms are well known
Sampling functions with center frequencies given in (13).
From (13), f, -z must be an integer, which requires an
integer number of wavelengths at frequency f,, and similarly
there must be an integer number of half wavelengths at f,.
Given that each basis term is a Sampling function, then the
null bandwidth is known to be 2. z*. The overall frequency
function is defined given the choice of the even or odd time
function in (12), the basis frequencies of interest, the weight
of the basis function, and either the bandwidth or the time
length. Figure 6 shows an example of the Sampling
function basis frequency response terms described,
normalized to center frequency and having all weights of
unity.

IV. ORTHOGONAL FREQUENCY CODING CONCEPT
A. Bit Function Description

Given a time function, g,;, (t) , having a time length 7
defined as the bit length, the bit will be divided into an
integer number of chips such that

7, =J-7, where J =# of chips (14)
The chip interval 7 is set as the time interval in (13) for the
basis set. Allowing a time delay z,, suchthat t = (t-z,),
and given a definition of each chip as hy (t) then a bit is

defined as the sum of J chips as
J
gbit(t) :zwj 'hcj (t_ J 'Tc) (15)
j=1

Each chip is contiguous without time overlap and W; is the

bit weight and the functional form for the chip definition
hy(t—j-z,) is chosen from (12). In general, multiple local
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Figure 6. Example of three and four orthogonal
sampling function frequency response terms.

carrier frequencies are possible in each chip depending on
their weighting coefficient. Using the basis set with the
integer number of half-wavelengths yields,

hy(t—j-z.) :ib-m ~C03[<2m+1).ﬂ.(t_ j 'Tc)j-rect(t_ J 'TCJ (16)

Tc Tc

To generate the required signal, let bjm =0 forall m,

except m=C,; where 1<C, <M. Then,

h.(t—j~r)=b~-cos[(2.cj +1).ﬂl(t_j.TC)}rect(t_j'TCj n

Te Te

The form in (17) shows that each chip has a single local

carrier frequency ¢ :ZCJ *+1 and bj is the chip weight. In
4 2.

order to build the desired time function, the following

design rules are used: 1) b, =+1 forallj, 2) the bit null

bandwidth is BW,, = J-2-7,*, and 3) C, is a sequence of
unique integers which means that g form a contiguous,

non-repetitive set, similar to Figure 6. The rules, however,
do not require that the local frequency of adjacent chips that
are contiguous in frequency must be contiguous in time. In
fact, the time function of a bit provides a level of frequency
coding by allowing a shuffling of the chip frequencies in
time.

B. OFC Properties

Figure 7 shows an example seven chip sequence
where f_ = f_ for all m=n, and there are an integer

number of half wavelengths in each chip. The seven local
chip frequencies are contiguous in frequency but are not
ordered sequentially in time, and the chip weights are all
unity. The given chip sequence represents the orthogonal
frequency code for the bit. If there are J chips with J

different frequencies in a bit, then there are J ! possible

OFC Time Response - 7 Chips/Bit
1
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Figure 7. Example of seven chip time function using the
basis set defined in (17).

permutations of the frequencies within the bit. A signal can
be composed of multiple bits, with each bit having the same
OFC or differing OFC. For the case of a signal, J chips
long, b, =1, and having a single carrier frequency, the

signal is a simple gated RF burst 7, long.

In addition to the OFC coding, each chip can be weighted as
+1, giving a PN code in addition to the OFC, namely PN-
OFC. This does not provide any additional processing gain
since there is no increase in the time bandwidth product, but
does provide additional code diversity for tagging. For
conventional PN coding, the number of available codes is
2’ . When using PN-OFC coding, the number of available
codes is increased to 2° - J1.

Figure 8 shows the bit frequency responses of a seven chip
OFC, seven chip PN and uncoded single carrier signal with
time functions normalized to unity and having identical
impulse response lengths. The uncoded single carrier is
narrowband and has greater amplitude at center frequency
than the PN (-9dB) and OFC (-17 dB) signals. The
bandwidths of the PN and OFC signals are 7 and 49 times
greater than the single frequency carrier bandwidth,
respectively, as expected due to the spread spectrum nature
of the signals. The power spectral density is lowest for the
OFC signal. Figure 9 shows the autocorrelation functions of
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Figure 8. Frequency responses of seven chip OFC (red),
seven chip PN (green) and single frequency carrier
(blue) each with identical time lengths.
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Figure 9. Time autocorrelation of seven chip PN-
OFC, seven chip PN (Barker), and single frequency
signals having identical time lengths. Only half of the
autocorrelation is shown due to symmetry.

the signals used in Figure 8. The peak autocorrelation is
exactly the same given the identical time amplitude and
signal lengths, but the compressed pulse widths for the
coded signals are narrower than that of the uncoded single
carrier, as expected. This provides the measure of
processing gain (PG), which is the ratio of compressed pulse
width to bit length. The PG for the PN and OFC signals are
7 and 49, respectively, and PN-OFC provides a lower PSD
than single carrier PN and uncoded signals of equal
amplitude. As a result, PN-OFC yields the greatest
correlated output in relation to peak spectral power.

V. OFC REFLECTOR DESIGN

In applying the OFC concept to a SAW reflector,
the effects of the non-ideal reflector response needs
consideration. A good measure is to examine the difference
between the ideal time domain rect function and frequency
domain Sampling function, versus the SAW chip reflector
response in both domains. In addition, the parameters of
interest to obtain near-optimum reflector bank performance
were chip reflector insertion loss, chip processing gain (PG),
intersymbol interference (ISI), chip correlation properties
and inter- and intra- chip interactions. For this discussion,
only a single in-line reflector bank is considered and the
analysis assumes no reflector weighting is implemented.
COM simulations of the complete chip and/or bit structure
are analyzed and compared to the first order predictions for
analysis to verify the accuracy of predictions. It is realized
that multiple parallel tracks can be approached in a similar
manner and that parallel tracks could be used to further
optimize the OFC device performance.

A. Chip amplitude uniformity

For a fixed chip time length which is required for
orthogonality, as the chip frequency increases the number of
reflectors in a chip increase, since the number must equal an
integer. Since reflectivity increases with the number of
reflectors, the higher frequency chips will have greater

reflectivity compared to lower frequency chips, assuming
reflectivity per electrode is constant. If mechanical loading
is significant, then the reflectivity will also increase at
higher frequencies because the relative h/ A will also
increase. Compensation using several techniques can help
mitigate this effect, but this analysis approach will assume
constant amplitude for all chips.

B. Chip frequency response

The desired chip frequency response is a sin(x)/x
function, as shown in Figure 1. Figure 10 shows the
frequency responses of COM simulated chip reflectors
having a 1% reflectivity per electrode as a function of the
number of electrodes. The number of reflectors (NQ)
principally determines the null bandwidth while the product
of the reflectivity (r) and electrode number determines the
frequency selective response. As the product of Ng*r
increases, the center frequency reflectivity increases, a
desirable effect, but the frequency response begins to
deviate from the desired sin(x)/x response, an undesirable
effect. Figure 11 is the well known plot of reflectivity
versus the product Ng*r. The figures shows that Ng*r>2
adds little additional reflectivity, but the frequency function
distortion is severe. The implemented device OFC bhit
bandwidth is limited by bulk mode radiation caused by the
mode matching of parts of the grating with in-band signals,
which can be significant for quarter-wavelength electrodes.
The practical limit is approximately 25% on lithium niobate.

C. Adjacent chip frequency reflectivity effects

Although OFC yields reduced reflections between
reflectors compared to single frequency PN due to chip
orthogonality, it is non-zero. Non-synchronous orthogonal
frequencies are partially reflected from adjacent interrogator

—— Ng=25, Ng*r=0.25
---Ng=50, Ng*r=0.5
Ng=100, Ng*r=1.0

— - Ng=200, Ng*r=2.0

Magnitude (dB)

Normalized Frequency

Figurel0. COM simulation of grating frequency
reflective responses for 1% reflectivity per strip, and 4
different grating lengths. Magnitude in dB versus
normalized frequency, (f/f,).
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Figure 11. Plot of magnitude of reflectivity (S;1), in dB,

versus the product of the number of strips and
reflectivity per strip (Na.r).
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Figure 12. Frequency transmission versus Ng*r as a
function of chip frequency offset. Schematic of the
COM simulated device is shown that consisted of 2
chips and an RF interrogator pulse having duration of
the chip length. The first chip has a synchronous
frequency not equal to the RF burst frequency and the
second chip has a synchronous frequency of the RF
burst.

chip frequencies and the closer the adjacent frequency the
larger the partial reflection. In order to understand the
magnitude of this effect, simple COM simulations were
conducted on a 2 chip reflector bank. Figure 12 shows a
schematic of the device simulated. It consisted of 2 chips
and an RF interrogator pulse having duration of the chip
length. The first chip has a synchronous frequency not
equal to the RF burst frequency and the second chip has a
synchronous frequency of the RF burst. COM simulations
were conducted for the 3 closest adjacent chip frequencies
of the RF burst frequency, as shown in Figure 12. The
simulations provide transmission versus Ng*r as a function
of the asynchronous frequency offset. This will predict the
transmission coefficient of asynchronous chips to an
interrogation signal, with the desired transmission
coefficient to be close to unity. Note that the reflected
energy from the second reflector is proportional to the
reflectivity of the second reflector less the transmission loss
associated with propagating through the first reflector twice.
Also realize that the term “transmission loss” as it is used
here does not imply that the incident SAW energy is truly
lost. In an OFC device, the portion of the incident wave that
is reflected by non-synchronous reflectors is returned to the
input transducer. Since this reflected energy does not
correlate in the matched filter, it is considered to be a loss
term. As expected, the closest adjacent frequency to the RF
burst has the most significant transmission loss. For Ng*r <
2, over 90% of the energy is transmitted through for all
asynchronous chips.

D. Chip reflector time response

The effect of the time response on the Ng*r
product was also studied. Figure 13 shows COM

RN S S
—— Ng=25, Ng*r=0.25
-- Ng=50, Ng*r=0.5
Ng=100, Ng*r=1.0

— - Ng=200, Ng*r=2.0

Magnitude
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Figure 13. COM simulation of a SAW chip linear
magnitude time response versus relative time,normalized
to Ng*r, for 1% reflectivity and 4 different chip lengths.

simulations of the normalized linear magnitude time chip
response versus time for 1% reflectivity per electrode. For
Ng*r<0.5, the impulse responses show little stored energy
beyond the desired chip length. For Ng*r=1.0, stored energy
beyond the chip length is evident, but may be acceptable,
and for Ng*r=2.0, the stored energy is very significant which
would cause significant ISI and PG loss. This observation
suggests that Ng*r<1 would be a criteria limit for chip
design. From Fig. 11, this would indicate a chip reflector
loss of approximately 2.5 dB.

VI. EXPERIMENTAL DEVICE RESULTS

As a first example, a 250 MHz, dual sided OFC
reflector device was designed having 7 chips, a %BW=28
on YZ LiNbO3. Al shorted-electrode reflectivity was ~3.4%
and the number of electrodes was 24 @f,, yielding
Ng*r~0.72. Time domain RF probe measurements and
COM simulation of the double sided OFC device time
responses are shown in Figure 14; results include the input
transducer effects. The agreement is very good and the
chips are well defined, as expected. The predicted chip
reflector loss is ~4dB and is predicted well by the COM
theory.

As a second example, 250 MHz, dual sided OFC
reflector device was designed having 8 chips, a %BW=11.5
on YZ LiNbOs. Al shorted-electrode reflectivity was ~3.4%
and the number of electrodes was 70 @f,, yielding
Ng*r~2.38. The larger number of electrodes allows a
narrower fractional chip and bit bandwidth and lower

Magnitude (dB)

Time (us)

Figure 14. OFC 7 chip, dual sided device time
response versus magnitude in dB. The COM
simulation and measured data are superimposed and
show good correlation. The chips are clearly
distibuishable with little ISI, as expected.
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Figure 15. An example of an 8 chip, 250 MHz OFC
SAW double sided reflector response.

reflector loss. Time domain RF probe measurements and
COM simulation of the double sided OFC device time
responses are shown in Figure 15; results include transducer
effects. The COM and measured agreement is quite good.
Note that the chips are less well defined, as compared to the
first example, and there are intersymbol effects due to the
longer chip impulse responses, as predicted. The measured
chip reflector loss is lower than the previous example, as
predicted, and is close to 0dB, and is predicted well by the
COM theory.

VIlI. OFC SYSTEM DISCUSSION

A. Transceiver Block Diagram

For this discussion, the transceiver approach will
use the device as a code for a correlator. For tagging, the
device could be single sided, or for a use as a sensor, the
device could have reflector banks on either side of a
transducer and be used in the differential mode. The dual
sided device type is shown Figure 16. A schematic of the
system block diagram is shown in Figure 17 which depicts a
chirp interrogation signal, the chirp matched filter at the
receiver, the correlator and the compressed pulse which is
used for further signal processing. A computer simulation
was used to predict the system performance. Figure 18
shows the theoretically predicted compressed pulses,
assuming two delayed signals, the simulated compressed
pulses based on the COM model with the ideal code, and the

Figure 16. Schematic drawing of OFC SAW sensor
usingridentical reflector banks on either side of input

ITH
Upchirp - Tag

bt

| Correlator e i | RX

-
Output

Figure 17. OFC SAW system block diagram showing up-
chirp interrogation, the returned noise-like signal, the
matched filter at the receiver, and the compressed pulse
output of the correlator.
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Figure 18. The OFC SAW sensor compressed pulses
at room temperature. Upper trace is the ideal OFC
autocorrelation; middle trace is the autocorrelation
produced using the COM model; lower trace is
autocorrelation using experimental data on YZ lithium
niobate device.



correlation of an actual measured OFC coded device with
the ideal code. The agreement is very good and there is a
slight difference in the sidelobes adjacent to the main
correlation peak. In a sensor application, the differential
pulse delay is one method used to determine the temperature
of the device.

B. Temperature Effects on Correlated Response

Lithium Niobate has been used as the OFC device
substrate because of its high coupling coefficient, and it has
a large TCD which provides good temperature sensitivity.
However, the large TCD also degrades the compressed
correlator response if no compensation is used. For this
reason, an adaptive filter approach was used to maximize
the compressed correlator response. Knowing the material
TCD, it is possible to predict the changes in frequency of
the matched filter code versus temperature. An algorithm
modifies and scans the receiver matched filter coded until
the peak correlation is maximized. This adaptive matched
filter approach ensures that the correlation peak is very near
its maximum value at any temperature. Figure 19 shows the
effects on the correlated response with and without the
adaptive matched filter. Figure 20 shows the simulator
output correlation of a 7 chip OFC temperature sensor
versus temperature and delay time using the adaptive filter;
demonstrating the peak correlation uniformity versus
temperature. Using this approach, the device was ramped
over temperature and the simulator extracted the device’s
temperature versus the thermocouple measurements, as

Compressed Pulses without Adaptive Filter
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Figure 20. Cosine weighted OFC SAW sensor
compressed pulses. Temperature varied between
15°C and 100°C. Adaptive matched filter yields
uniform pulse amplitude as temperature varies.

shown in Figure 21.

C. OFC Device and System Discussion

The previous example given uses the SAW OFC
sensor in a differential delay mode. However, there are
other possible ways of using the returned sensor
information. As an example, the adaptive filter itself is
using an algorithm that is predicting the device temperature
in order to modify the matched filter at the receiver based on
optimization of the correlation peak. This would allow a
single sided OFC reflector bank to be used which would
reduce device size.

The current research efforts are developing devices
and systems for operation in a multi-sensor environment, as
well as sensors for operation in unusual or harsh
environments. The transceiver system that is currently
being developed at UCF is based on a software radio
concept, and several variations are possible from the
discussion to follow. The transmitter will use a chirped
signal to interrogate the SAW OFC wireless sensor system.
The devices will respond with their individual coded
waveforms which will have embedded the device sensor
information. The receiver will have an RF front-end which
will match the chirp interrogation signal and will mix the
signal to a near-zero IF. The signal will then be sampled
using an A/D having the required bandwidth. It is currently
possible to purchase commercial A/D chips or systems that
have sampling rates of several GHz which allows
bandwidths of several hundred MHz. It is anticipated that
the signal will be buried in the noise with a single
interrogation. The interrogator will be used to excite the
devices multiple times and the data summed from all
received signals until a suitable signal-to-noise ratio (SNR)
is established. At this point, all the sampled data will be

demodulated and analyzed using software and DSP
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Figure 21. Seven chip OFC SAW temperature sensor
tested between 10°C and 180°C and compared to
thermocouple measurements.

techniques. Since the signal is now represented as a data
file and is purely digital, the processing can be easily
reconfigured to adapt to changing sensor or system
conditions and requirements. This approach eliminates a
great deal of electronic hardware in favor of digital
processors. This approach should allow fairly easy
reconfiguration of the transceiver system as center
frequency and bandwidths of the system change. Current
efforts have shown a demonstration of the feasibility of the
approach and work continues on developing a complete
system.

As a final example, results of initial work on the
use of SAW OFC sensors at cryogenic temperatures has
been conducted. Unlike semiconductor devices,
piezoelectric devices appear to work at extreme
temperatures, both hot and cold. Tests have been
conducted near liquid nitrogen temperatures for use of the
devices as temperature sensors for NASA ground and space
applications. Results of the tests are shown in Figure 20,
which demonstrates the robust performance of SAW devices
working under extreme temperature conditions.

Temperature (°C)

Time (min)

Figure 22. OFC SAW temperature sensor results and
comparison with thermocouple measurements at
cryogenic temperatures. Temperature scale is
between +50 and -200 °C and horizontal scale is
relative time in minutes.

VIII. DiscussioN AND CONCLUSION

This paper has provided an introduction to the
theory of OFC SAW wireless and passive devices for use in
tagging and sensors. A brief discussion of single frequency
SAW reflective tag devices was presented as background.
The basic theory of OFC design and analysis was presented
for application to SAW device implementation. The use of
OFC reflectors for OFC implementation and some of the
design considerations and experiments were provided. OFC
SAW device experimental data shows the operation and the
ability to design and synthesize and COM predictions and
have shown good agreement compared to measurements.
Several temperature sensor results were shown from near
liquid nitrogen temperatures to 200 °C. System
considerations were presented for obtaining and
demodulating the OFC SAW sensor data.

The current research has used a center frequency of
250 MHz, which was chosen for convenience based on the
fabrication capabilities currently used and for ease in test
and measurement. Ultimately, it would be desirable to
operate devices in the 1-3 GHz range. The higher frequency
would produce smaller devices and would smaller, better
efficient antennas.

At the present time, our work has not addressed the
antenna issue. This is clearly important since the sensor
footprint is a function of both the SAW and antenna.

Further research is needed here to produce very small,
possible integrated antenna design, for SAW wireless
tagging and sensor applications.
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Abstract—This paper gives an overview of current activities on
developing wireless sensors, wafer level packaging technologies for
piezoelectric substrates, and tunable SAW devices. Advanced
results of a developed TDMA based wireless temperature sensor
system featuring parallel sensor interrogation and in-situ accuracy
evaluation are shown. Based on combining the experiences with
wireless sensors and bulk etching of LiNbO; a monolithic design of
a miniature wireless pressure sensor is proposed. Advances in
using imprinted epoxy-based dry film resist for wafer level
packaging of SAW devices are described. Finally, the design and
recent results of a microelectromechanical switch to control the
phase velocity of a SAW is presented. This technology is expected
to achieve tuning ranges of 1~10 %.

Keywords-Wireless SAW sensor, LINbO; micromachining, wafer
level packaging, SU-8 dry film resist, tunable SAW devices, SAW
switches, Acoustic RF MEMS

L INTRODUCTION

Microelectromechanical systems (MEMS) have found their
way into a wide range of fields, including sensor, optic, RF,
fluidic, power and biomedical applications. This paper
discusses current developments on combining MEMS
technology with acoustic devices, and focuses in particular on
wireless sensing applications, wafer level packaging, and
tunable SAW devices. Wireless sensor technology possesses a
large potential concerning measurement flexibility, monitoring
of moving objects, and measurement in hazardous
environments. Passive SAW sensors have been proposed for
this purpose, and are developing with numerous publications
from as far back as 1987 [1]. We have applied this technology
to the simultaneous interrogation of temperature sensors using a
TDMA (time division multiple access) scheme, and have
developed a design method for multi-reflector sensors [2, 3].
This work also discussed the importance of sensor mounting.
The technology of the passive SAW delay line sensors is being
extended to monolithic pressure sensors. To overcome the
problems of size and packaging in current sensors [4, 5], a
monolithic design based on the thermal inversion, deep bulk wet
etching and direct bonding of lithium niobate substrates is
proposed.

In order to minimize RF parasitics encountered with
standard ceramic SMD packages and to reduce the overall size
of packaged SAW devices, a new packaging technology using
photosensitive epoxy has been developed. This approach
enables wafer-level packaging and requires only a minimum
addition of process steps. This miniature epoxy package can
withstand temperatures up to 300 °C, and slightly deforms to
match the thermal expansion of devices, which is generally
anisotropic for piezoelectric substrates.

This work was supported in part by the Shinsei Foundation, SCOPE from the
Ministry of Internal Affairs and Communications (062302002), and
Grant-in-Aid for Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan (16201027).

The final section covers the development of a SAW tuning
technology, which is promising for a vast number of
applications, ranging from miniature SAW-based phase shifters,
sensors, tunable resonators and filters. This technology uses
electrostatically actuated MEMS bridges to modulate the SAW
velocity under the bridge. The utilized micromachining
processes and materials are compatible with standard SAW
fabrication.

WIRELESS TEMPERATURE SENSOR

II.  FUNDAMENTALS OF SAW DELAY LINE SENSOR AND
WIRELESS SYSTEM

In previous studies [1, 6], the principle of the SAW delay
line sensors for a wireless temperature measurement has been
demonstrated. The principle is based on the temperature
dependence of the propagation velocity of the SAW and the
thermal expansion of the substrate. The typical layout of the
SAW delay line sensor and its simulated time response are
shown in Fig. 1. A radio wave emitted from a transceiver is
received by the sensor’s antenna, and SAWs are generated by an
interdigital transducer (IDT) connected to the antenna. The
surface wave propagates along the piezoelectric substrate,
reflects at reflectors, and then returns to the IDT. The returned
SAW is reconverted to a radio wave, which is transmitted back
to the transceiver. The temperature is then evaluated by
determining the time delay and phase difference between the
sensor’s time responses.

) T
w0 1 T T3
)
T, -60
— 80
Aol 3" reflector
120 21 reflector
0.0 0.5 1.0 1.5 2.0 2.5
Time delay [us] SAW transducer
1% reflector
128°YX LiNbOy
Figure 1. Typical structure of a one port SAW delay line sensor.



The temperature monitoring system which we have
developed features simultaneous wireless interrogation of 4
sensors using a TDMA scheme [2, 3]. This system is compliant
with the frequency regulations for short range devices operated
in the ISM band at 2.45GHz. In this study black
128°YX LiNbO; was used as the piezoelectric substrate
material, as it features large piezoelectric coupling, which is
important for low-loss and wide-band SAW transducers,
negligible excitation of bulk waves, and a moderate temperature
dependence of the SAW velocity. The chemical reduction of
LiNbOj; is effective to reduce pyroelectric effects, causing
charge-up problems during fabrication and operation.

One of the most important specifications to be designed is
temperature sensing accuracy. The estimation of the achievable
sensing accuracy needs not only accurate SAW simulation but
also the quantitative knowledge of sensing accuracy. The
difficulty is, that the sensor accuracy depends on a number of
dynamic parameters, e.g. the read-out range, the
antenna-to-sensor alignment, and possible noise sources. This
problem was solved by experimentally evaluating the
dependence of the time and phase measurement accuracy on the
SNR (signal-to-noise ratio) of the sensor time responses [2].
The relationship between effective SNR and the accuracies
obtained using a commercially available SAW reader unit are
shown in Fig. 2.
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Figure 2. Experimentally derived relationships of the achievable time
delay (A) and phase accuracy (B) versus the effective SNR [2].

The performance of the sensor system is derived from
relating the achievable time delay or phase accuracy to a
corresponding temperature accuracy. Finally, the temperature
sensing accuracy is directly related to the SNR of the sensor
time responses, and the designer of the wireless sensor system
can modify read-out power, antenna gain, cable loss, averaging
etc. by considering only the SNR to achieve a required
performance. The SNR using the modified radar equation [7, 8]
is given as

_ PG2G2{tn
(4nR)*KTFILL

(1)

where
SNR = Signal to noise ratio
P, = Transmitting power [W]
G, = Transmitting antenna gain
G, =Receiving antenna gain
Ao = Free space wavelength [m]
t; = Integration time [s]
n = Averaging factor
R =Read-out distance [m]
k =1.38x10 J/K (Boltzmann constant)
T = Temperature [K]
F = Receiver noise factor
IL = SAW sensor insertion loss

Ly, = System loss (cables etc.).

The effective isotropic radiated power (EIRP), given as
EIRP = P,G,, is restricted by frequency regulations.

I1I. TEMPERATURE SENSITIVITY

The temperature coefficient of delay (TCD), which is the
rate of change in time delay of a SAW caused by a temperature
variation, is defined as

1ot 1ol 10v

TCD = 5r = Tar vor

1 vy
vo 0T~ @
The first term in (2), o, corresponds to the thermal expansion
coefficient of the substrate along the SAW propagation
direction, which is found as 15.4 ppm/K [9]. The latter term
corresponds to the change in the SAW velocity, which is
computed as —55.8 ppm/K based on a temperature-dependent
implementation of the method given by [10] using material data
from [9, 11]. The resulting TCD for 128°YX LiNbOj is
71.2 ppm/K.

A. Time Delay Dependence

The temperature dependent formulation of a time delay t is
represented by

1(AT) = 1,(1 + TCD - AT), 3)

where t( refers to the initial time delay, and AT to the
temperature variation.



The sensitivity for a given time delay is thus

ot _
S, = 37 1,TCD, @)

suggesting that the temperature sensitivity for a typical time
delay of 15 =1 us is approximately 0.07 ns/K. Increasing the
sensitivity requires either a material with larger TCD or a larger
time delay. For 128°YXLiNbOj3, 1pus of time delay
corresponds to a chip length of ~2 mm. Larger time delays are
obtained using a longer chip, however the propagation loss at
2.45 GHz increases at 5~6 dB/us.

B.  Phase Dependence

Higher sensitivity is achieved by evaluating the phase of the
complex time response for a given reflector delay. The phase is
related to the time delay as ¢ = 2mnft, where the frequency f
corresponds to the center frequency of 2446 MHz. From (4) the
temperature sensitivity of the phase is represented as

_ 0o _
So =55 = 21ft,TCD. (5)

The temperature sensitivity for a typical time delay of 1y =1 pus
is 63°/K, suggesting that high sensitivity is achieved even by a
low-accuracy phase measurement. However, one phase value
corresponds to many temperatures at an interval of
5.7K (=360°/63°/K), and a unique temperature cannot be
determined just by evaluating the phase. Hereafter, this is
referred to as “phase ambiguity*.

V. MULTI-STEP EVALUATION SCHEMES

We have proposed a multi-step evaluation scheme using a
combination of time delay and phase to achieve both high
sensing accuracy and a wide range in temperature
measurement [2, 3]. Only differences of time delay and phase
are used, as the time delay and phase depends on the distance
between the sensor and interrogation unit.

A. Combined Time Delay and Phase Evaluation

The multi-step evaluation scheme is illustrated in Fig. 3.
First, the largest and thus most sensitive relative time delay (e.g.
131 = T3 — 71 in Fig. 1) is chosen for the first rough temperature
estimation (A). The temperature accuracy for this first
evaluation is low judging from the achievable resolution of time
delay measurement and the sensitivity determined by (4).
Therefore, the following resolution refinement is performed
using a relative phase (B). However, the temperature range
corresponding to a phase change of 2n (=360°/S,) must be
smaller than the uncertainty of temperature determlned using
the time delay to avoid the phase ambiguity problem.
Otherwise, one phase might correspond to two or more
temperatures in the uncertainty of the first temperature
evaluation. Therefore, a sufficiently small time delay is required
for this second temperature evaluation (see (3, 5)). The required
time delay is thus created as a delay difference using three
reflectors, as

T3-Ty) — (T, — 7). (6)

Ty = T3~ Ty = (

Evaluating the phase ¢3,,; of this delay results in an increased
accuracy of the sought-after temperature. Further resolution
refinement is performed using a more sensitive phase, which
corresponds to a longer time delay (C). Again, the temperature
range corresponding to a phase of 2n must be smaller than the
uncertainty of the temperature determined using ¢3,,;. In our
design, the most sensitive phase @3, can be used for this second
resolution refinement. Developing the inequalities which must
be satisfied for this evaluation scheme yields

2

(SNR |, SNR,, SNR;) < 7" ,
where f corresponds to the center frequency, c to the variance
of a measured value X, and the SNR; ; 3 to the SNRs of the
three time responses. Only if (7) evaluates to be true, phase
ambiguities are prevented, and thus the multi-step scheme will
work. It is interesting to note that this equation is independent
from the material’s TCD, the operating temperature range, and
the choice of the maximum time delay t3;, and thus the
resulting accuracy via @3;. Inserting the time delay and phase
accuracies shown in Fig. 2 together with the definition of the
effective SNR illustrated in Fig. 4 and the center frequency of
2446 MHz into (7) reveals that a SNR of 18 dB is necessary for
the 3 reflector responses.

65, (SNR, SNR;) - 63, (7)

In case of the design shown in Fig. 1, the reflector strength
of reflector 2 and 3 are designed to be identical. The reflection
strength of reflector 1 will be largest, as a shorter delay time
suffers smaller propagation loss. Reflectors 2 and 3 share the
same acoustic track and due to the increased delay time, their
reflection is generally 6~12 dB lower than the reflection of
reflector 1. As the noise floor is assumed the be constant in the
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Figure 3. Principle of the three-step combined delay and phase evaluation
scheme for temperature measurement.
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time domain, SNR is 6~12 dB larger than SNR; 3. Concerning
the limitation of (7), this design requires SNR; to be at least
25 dB for an assumed difference of 8 dB between SNR; and
SNR; 3, for this scheme to work.

Although the accuracy does increase with increasing 137, S0
does the insertion loss of the reflector responses. For
128°YX LiNbO3, having a TCD of 71.2 ppm/K, the SAW
propagation loss is assumed to be 6 dB/ps. In this case, 13
should be designed to be 1~2 us to maximize the achievable
temperature accuracy. This leads to the fundamental limitation
of achievable accuracies for any kind of SAW delay line sensor.

B. All-Phase Evaluation

An alternative multi-step evaluation scheme using only
phase relations is shown in Fig. 5 for comparison. First, a very
small time delay 13, is chosen so that the phase ¢3,,; yields
exactly a 2m phase change over the sensor’s operating
temperature range, e.g. —20 ~ +180 °C (A). Based on the phase
evaluation of @351, the first rough value of temperature is
determined. Next, the phase difference ¢, is used for an
increased accuracy (w.l. o0.g. 151 <73p) (B). Again, as seen
above, the 21 phase ambiguity condition for ¢, is prevented by
designing the temperature accuracy resulting from ¢35, to be
sufficiently high. This choice is based on the minimum SNR
required for this sensor design to operate properly, fixed in the
specifications. The highest accuracy is finally achieved by
evaluating the phase ¢3; (C). Again the phase ambiguity
condition must be prevented.

From the three restrictions originating from @355, and the
two transitions to @,jand @3, in order for this scheme to work
inequality (8) must be satisfied.

[65, (SNR,, SNR,, SNR;) ]2+
4166, (SNR,, SNR,) < (21)2

P3221

®)

Compared to the restriction of the mixed time delay and phase
evaluation scheme given by (7), the all-phase evaluation
scheme only requires a SNR of 3 dB for the case of identical
SNRs, whereas 18 dB had been necessary for the mixed
scheme. The all-phase scheme generally allows for lower SNR
levels.

The minimum SNR level for the all-phase evaluation
scheme to work is determined by the choice of the delay time
T71- A smaller delay time, which is thus less sensitive, allows for
operation at lower SNRs. However, as t35;; had been
determined on the basis of ¢3,, fulfilling a phase change of 2n
over the operating temperature range, and now choosing 1,
means that via T37 =T33y + 215, the time delay 13 is already
fixed. Although a smaller time delay t,; enables operation at
lower SNRs, t3; also decreases, and thus leads to a lower
accuracy achievable, as seen from (5).

The upper bound of the temperature accuracy for a three
reflector design is found as
606(T,,;)>
60, (SNRj3) - 66,  (SNR3y,)) - 66, (SNRy)) ©)]

spec (211:)3 2

min

AT

where AT, corresponds to the temperature operating range of
e. g. 200 K. It is again interesting to note that both relations (8)
and (9) are independent from the material’s TCD. However, for
both approaches using the mixed and all-phase evaluation
scheme, the final sensor accuracy is determined by t3; and its
phase, as

o, (SNRy,)
in) = S (10)
2nft,, TCD

66(T
Nevertheless, the maximum accuracy resulting from (10) for the
all-phase evaluation scheme may not interfere with the upper
bound given by (9).
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Figure 5. Principle of the three-step phase evaluation scheme for temperature
measurement.
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C. Comparison of Multi-step Schemes

The all-phase evaluation scheme allows for evaluation at
lower SNR levels, and requires only the knowledge of
achievable phase measurement accuracy, and is easier to design
as there are less degrees of freedom. However, for the design of
a system featuring parallel sensor interrogation, more design
freedom is sometimes necessary in order to prevent the overlap
of time responses when using the TDMA scheme. The choice of
the multi-step scheme should be made based on the system
specifications of the temperature operating range, minimum
SNR and temperature accuracy using the above equations. The
design of tags for very large temperature operating ranges
(> 260 K) will require a very insensitive phase ¢3,,;, achieved
by choosing a very small delay time T3¢, in the range of
10~20 ns. This requires exact knowledge concerning the
propagation velocity including dispersion and strict process
control in fabrication in order to prevent discrepancies in the
range of up to 30 %.

However, the all-phase evaluation scheme features one
particular advantage compared to the mixed time delay and
phase evaluation scheme. This originates from the difficulty to
determine the position of the time response peaks accurately.
The delay times are determined by fitting the S11 peaks of the
time responses and extracting their maximum position (1 5, 3).
Due to the finite width of the peaks in the time domain,
originating from the used bandwidth of 75 MHz and the applied
window function during FFT, any ripple from e.g. sidelobes of
adjacent peaks of parallel sensors or non-white noise will lead
to significant errors concerning the time delay evaluation. On
the other hand, the phase is rather constant around the reflector
positions, and ripple or noise has a negligible influence on
altering the phase. Although the phase is to be extracted at
exactly the peak positions (t; 5 3), a slight deviation from this
position still leads to a good estimation of the actual phase
values (@; 5 3). This agrees with the experience that the
all-phase evaluation design is more robust in operation.

V. EXPERIMENTAL EVALUATION OF ALL-PHASE DESIGN

This section discusses the design and experimental results of
fabricated sensors using an all-phase evaluation scheme. Sensor

Figure 7. Developed 2.45 GHz wireless temperature transponders, consisting
of packaged SAW delay line sensors mounted on a microstrip antenna.

systems using a mixed time delay and phase evaluation scheme
have been demonstrated in the past[2,3]. The achievable
accuracy for the sensor using the all-phase evaluation design is
shown in Fig. 6. The sensor is designed to operate in a
temperature range of 200 K, with the time delays 1351, T,; and
131, determined as 29 ns, 380.5 ns and 790 ns, respectively. As
seen in Fig. 6 in order to prevent the phase ambiguity of @,1, a
SNR of 26 dB is required for the first reflector, whereas the
SNR of reflector 2 and 3 are designed to be identical, being
7.5 dB smaller than SNR;. Above the critical SNR level of
26 dB, the all-phase evaluation scheme works and switching the
evaluation from @355 to @, leads to an accuracy improvement
of factor 26. The phase ambiguity for changing from ¢, to @3,
is not critical as seen in Fig. 6, and leads to an accuracy increase
of factor 2. In order to achieve an accuracy of 0.1 K, a SNR for
reflector 1 of 35 dB is required for this design. In this case the
minimum SNR level was traded against maximum achievable
accuracy.

A. Fabrication and Packaging

The fabrication of the all-phase sensors is identical to the
process described in [2]. This article had also discussed the
importance of the sensor mounting during packaging, as it
greatly influences the experimentally found TCD. We had
shown that in particular for very small time delays, as used in
our design for e.g. T3751/¢03271, any difference in TCD will be
amplified by the ratio of t1/13571, Which is about 40~50 for the
all-phase evaluation scheme presented here. This means that a
difference as small as 5 ppm in the TCD for the delay of T4
compared to T, and 13 leads to a change in the experienced TCD
of 250 ppm/K. It was also shown that this change can lead to
negative TCDs [3]. In order to prevent this effect the sensor
chips are mounted outside of the acoustic track.

B.  Temperature Evaluation

The temperature characteristics of the sensors were
evaluated using a Pt100 sensor as reference, identical to the
procedure reported in [3]. The results are shown in Fig. 8.
Unfortunately, the results suffer from a rather low SNR during
measurement, partly originating from the strong RF absorption
of the oven glass, in which the sensors were set, as well as the
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Figure 8. Measured temperature characteristics of the all-phase design using
the three phase differences @355, ¢;1 and @3, to determine the temperature.

PCB based microstrip antennas not being suited for these high
temperatures. Nevertheless, the data agree well with a linear
best fit. Also, the corresponding TCDs for @355, 921, ®35 and
@31 are 77.4ppm/K, 759ppm/K, 76.0ppm/K, and
76.0 ppm/K, respectively, which are close to the theoretical
value computed as 71.2 ppm/K.

VI.  CONCLUSION

Based on the close agreement of our result and the
theoretical expressions given above, we conclude that the
sensors including packaging effects are well understood. This
enables the precise estimation of the sensor performance based
on the presented relationships of measurement accuracy in
combination with modelling the relative insertion loss of the
sensor by SAW simulation [12, 13]. The measured RF
characteristics have been shown to agree well with simulation
in the past[2,13]. Nevertheless, the comparison of the
measured and predicted SNR levels using the modified radar
equation given in (1) shows poor agreement; the theory predicts
larger read-out ranges by a factor of 2~5. In particular a poor
radiation efficiency of the used tag antennas, as shown in Fig. 7,
are thought to account for this discrepancy. Currently the
read-out distances are in the range of 130-140cm,
corresponding to accuracies of 0.19-0.1 K (6c) [2].

MONOLITHIC LINBO3; BASED PRESSURE SENSOR

VII. BACKGROUND

Currently we are trying to combine LiNbO;3
micromachining technologies with the knowledge gained from
the wireless temperature sensors to develop wireless passive
pressure sensors for automotive applications. Reported wireless
pressure sensors suffers from large size and non-hermetic
sealing methods [4, 5]. These designs use standard substrates
with thicknesses of 500 um and 350 pm without the
micromachining of the substrates themselves (bulk
micromachining). This leads to membrane sizes of 20 mm and
8 mm in diameter, respectively, in order to achieve reasonable
sensitivities for hydrostatic pressure measurement. So far epoxy
adhesive has been used as sealant. However, such
polymer-based non-hermetic sealing is not suitable for pressure
sensing applications.  Additionally, thermal expansion
mismatches of substrates should be avoided, as accounts for [5].

The hermetic seal and thermal expansion problem are
addressed in our work by choosing a monolithic sensor design.
LiNbO; micromachining is employed to fabricate thin
membranes in order to increase the sensitivity, and thus realize
smaller designs. The structure of the sensor is illustrated in
Fig. 9. Changes in pressure are evaluated by a change in the
time delay 14, or rather the phase @4. In order to compensate
for temperature effects, a temperature sensor, which is identical
to the one described above is included, using the reflectors

11,2, 3
VIII.

The micromachining of LiNbO3 by dry etching is limited to
shallow depths due to the slow etching rates of
7~50 nm/min [14, 15]. Laser ablation features high speed, but
suffers from debris deposition and inherent low throughput
originated from a serial process [16, 17]. The debris deposition
will generally make a subsequent polishing step necessary. Wet
etching of LiNbO5 in hot HF and HNOj solutions can achieve
etch rates in the range of 10~55 pm/h [18]. This etching is
found to be anisotropic and exhibits a strong dependence on the
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Figure 9. Design of the monolithic SAW delay line sensor for pressure
measurement based on using LiNbO5 bulk etching and wafer bonding.
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Figure 10. Wet etching results for square mask openings on —128°Y-cut
LiNbO; with an etch depth of ~20 um, and corresponding cross-sections.

z-axis orientation. Etch rates on the positive z-face are found to
be negligible in comparison to that on the negative z-face. The
large difference in etch rates for the +z and —z-faces in
combination with selective re-poling of domains has been used
for the fabrication of waveguides on Z-cut LiNbO5 [18].

Most etchants proposed in literature for LiNbO5 are based
on mixtures of hydrofluoric (HF) and nitric acid (HNO3) at
temperatures close to the boiling point of 110 °C [18, 19]. Our
experiments showed that a 49% HF solution at 80 °C turned out
to yield higher etch rates and lower under-cutting of the metal
mask. Typical etch rates depending on the orientation of the
substrate are in the range of 20~50 um/h [20]. The patterning
requires a masking layer, which is able to withstand
hydrofluoric acid at elevated temperatures. A gold layer of 2 um
thickness on top of a 30 nm thick chrome adhesion layer have
shown to give satisfactory results. High quality films deposited
by RF magnetron sputtering at 170 °C combined with careful
handling and cleaning procedures are the key to reduce pinholes
in the masking layer.

A.  Bulk Wet Etching on 128°YX LiNbO;

We demonstrate that this differential etching technology is
extendable to the deep etching of 128°YX LiNbO; substrates,
which is of great technical interest due to its superior acoustic
properties. For 128°Y-rotated substrates, the crystal z-axis is
inclined by 38° from the substrate surface normal, as is
understood from the Euler angles of (0, 37.86, 0). The substrate
surface corresponding to an inclined positive z-face shows slow
etch rates of ~0.4 pm/h, which agrees well with experiences
with Z-cut substrates. Instead, the backside of the 128°Y-rotated
substrate shows etching rates of ~21 pm/h for 49% HF solution
at 80 °C. Double-side polished substrates are used due to a later
direct bonding step, and as the roughness of standard SAW
substrates makes it difficult to achieve satisfactory masking
during etching.

The results for a ~20 um deep square opening are shown in
Fig. 10. The slope of the sidewalls along the positive and
negative x-axis are found to be identical. The profile

eBB142 2.8 kV
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Figure 11. Cross-section of thermal inversion layer on 128°Y-cut
LiNbO;3 (A), and fabricated diaphragm of ~20 pm thickness using the
inversion layer as an etch stop (B).

perpendicular to the x-axis is not symmetric. On one side two
crystal planes appear, with the first section almost vertical, and
the latter similar to the x-direction. The height of this first
almost vertical section denoted by 4, depends strongly on the
etch depth and increases from ~4 um for a depth of 20 um to
~150 pm for a ~500 pm deep etch. The opposite side shows a
slightly overhanging sidewall. The bottom of the etched area is
parallel to the substrate surface and shows microstructures
leading to a roughness of R,, of 1~4 um, which becomes
larger for longer etching times.

B.  Thermal Inversion based Etch-stop

Although the membrane required for the proposed sensor
structure can be obtained by wet etching alone, it is difficult to
achieve a required accuracy of the membrane thickness based
on time control. In silicon micromachining, the p™" etch-stop
technique, which uses a heavily-boron-doped layer as an
etch-stop, is widely used to make thin diaphragms, bridges,
cantilevers etc. We make use of a similar technique to define the
membrane thickness in LiNbO5 substrates. A method referred
to as thermal inversion discovered by Nakamura et al. [19]
enables a domain inversion through a part of the thickness of the
substrate. Although originally found with Z-cut substrates, it
was shown to work as well on substrates with inclined
spontaneous polarization as 36°, 163°, and 128° rotated Y-cut
substrates. The mechanism of the thermal inversion has been
explained based on the out-diffusion of Li,O at elevated
temperatures [19] and its defect gradient causing built-in
electrical fields, which exceed the coercive field of LiNbO5 of
e.g. 5 V/ecmat 1100 °C [21]. As rapid cooling was found to lead
to thicker inversion layers, it has been suggested that

pyroelectrically induced fields also contribute to the
inversion [19].
The thermal inversion enables the formation of a

head-to-head domain structure, and the thickness of the
inversion layer can be controlled by the inversion temperature
and time [19]. At a proper temperature and flowing argon gas
containing water vapor, the growing speed of the inverted



domain becomes slow enough (~2 um/h at 1100 °C) to control
its thickness precisely. As can be seen from Fig. 12 (E), this
inverted domain is used for an etch-stop as the inclined positive
z-face of the inversion layer is exposed. The use of thicker
substrates relieves handling issues during fabrication and
packaging, especially in case of using large wafers. However,
the surface roughness is found to increase with increasing etch
depth. The second advantage of using the inversion layer as an
etch stop is that a smoother surface can be obtained at a
relatively uniform inversion boundary compared to
time-controlled etching. Furthermore, selective thermal
inversion is possible by masking the substrate with metals such
as platinum, and not only diaphragms but also bridges and
cantilevers can be made in a similar process.

Fig. 11 (A) shows the cross-section of a ~20 um thick
inversion layer on a 128° rotated Y-cut. In order to expose the
different domain orientations the sample was briefly etched in
hydrofluoric acid. The SAW device is later fabricated on the
inversion layer, which corresponds to a —128°Y-cut substrate.
Switching from the standard 128°Y-rotated plane to this
308°Y-rotated plane with Euler angles (0, 217.86, 0) leads to a
difference in sign of the piezoelectric tensor, but identical
acoustic properties.

1X. FABRICATION PROCESS

The process of the proposed sensor structure is illustrated in
Fig. 12. First, the substrates are immersed in boiling
NH,4OH:H,0,:DI water solution for cleaning (A). The samples
are then placed in a quartz furnace at 1100 °C flowing wet argon
for 8 hours for thermal inversion (B). Prior to the deposition of
the masking layer, the inverted substrates are then cleaned
again. Next, layers of Cr/Au/Cr are deposited on the inversion
layer by RF magnetron sputtering with the substrates being
heated to 170 °C. The sputtering is repeated to deposit layers of
Cr/Au on the backside as well (C). The Cr/Au on the backside
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Figure 12. Process flow for the monolithic

128°YX LiNbOs5.

pressure  sensor on

is then patterned with standard photolithography and wet
etching of Au and Cr (D). The three-layer stack on the front-side
thereby ensures, that the Au-layer is not attacked and thus the
front-side is later protected during the LiNbOj-etching.
Alternatively, the top-side can be sealed-off from the etchant
using a fluorinated O-ring. Finally, the samples are etched in a
49% HF solution at 80 °C. The etching is self terminating when
it reaches the inversion layer (E). The Cr/Au masking layers are
then removed and the etched substrate is bonded to a virgin
substrate of the same orientation (F). After fabrication of this
modified substrate containing a pressure cavity, a standard SAW
fabrication process is used to complete the sensor (G).

X. RESULTS AND CONCLUSION

The effective method for etching LiNbO;5 using the metal
mask has been presented. This method features reasonable etch
rates and good dimension controllability. Thin membranes have
been successfully fabricated on 128°Y-rotated wafers based on
bulk wet etching and the use of a thermal inversion layer as an
etch-stop, as shown in Fig. 11 (B). The etch-stop allows for long
over-etching to yield a smoother membrane backside. In
addition, ununiformity of etch rate throughout the wafer can be
relieved by the over-etching. Hereby, the anisotropic etching
characteristics determine the final shape of the fabricated
diaphragm. Currently, wireless SAW sensors for pressure
measurement are being developed based on this technology.

WAFER LEVEL PACKAGING

The size of the developed temperature delay line sensors
discussed in the first section measures 0.5 x 0.8 x 8~12 mm,
where the rather large chip-length originates from the
implemented time delays. Standard ceramic SMD SAW
packages suitable for this size suffer from parasitic shunt
capacitances in the range of about 1 pF. This leads to difficulties
in matching as well as bandwidth restrictions. To escape from
these parasitics as well as the overall size increase due to the
package, we have investigated the wafer level packaging of
SAW devices. The achievable decrease in size is illustrated in
Fig. 13, by comparing these standard packages with a wafer
level packaged sensor.

Figure 13. Size of a SAW delay line sensor packaged in a ceramic SMD
SAW package compared to a wafer-level packaged sensor.
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Figure 14. Wafer-level packaged SAW devices using imprinted SU-8 dry
film resist and optical microscope image revealing the contained cavity.

A. Selection of Packaging Material

The largest difficulty in packaging devices fabricated on
piezoelectric substrates is their inherent anisotropy in the
in-plane thermal expansion. For the case of 128°YX LiNbO3,
an elliptical distribution of the in-plane thermal expansion
coefficients exists. The thermal expansion coefficients range
from 15.4 ppm/K along the x-axis, to 12.4 ppm/K along the
y-axis. For a YZ-cut substrate this distribution resembles a
dumb-bell-like shape with the thermal expansion along x being
7.5ppm/K and the value for the transverse axis being
15.4 ppm/K. It is obvious that materials enabling a hermetic seal
such as glass, metals or ceramics generally have isotropic
in-plane thermal expansion properties, causing thermal
expansion mismatch problems with LiNbO;. A straightforward
solution is to use the same material and the same orientation of
the substrate material to solve this problem, as done for the
presented pressure senor. This approach was also taken by [22]
for SAW filters fabricated on LiTaO3, however this process
involves a large number of sophisticated process steps.

In order to develop a general packaging technology
applicable to a wide range of substrates we have investigated the
use of epoxy based micro-cavities. These epoxy packages are
not hermetic. However, a similar packaging process has been
proposed by Infineon for wafer-level packaging of SMR-type
FBARs in combination with plastic overmold packages [23]. In
this case, the instability problem due to the non-hermetic
packaging is relaxed by a passivation layer. Another alternative
shown in [24] uses silicon cavities transferred onto the device
wafer by means of adhesive. It is stated that these packages can
be hermetically sealed by depositing a final inorganic coating
on top.

Simplified Process Advanced Process
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Figure 15. Simplified (left) and advanced process (right) for the wafer-level
packaging of RF devices using imprinted SU-8 dry film.

B.  Imprinted SU-8 Dry Film Packaging

As the packaging material, we used SU-8, a photosensitive
chemically amplified epoxy based photoresist. This resist is
often used in the MEMS field to fabricate high aspect ratio
microstructures. However, it does suffer from a narrow process
window. The SU-8 3000 resist series used in this study features
high temperature stability with a glass transition temperature of
200 °C, thermal degradation above 300 °C, and Young's
Modulus of 1.5 GPa [25]. It has been shown that two layer
spin-on SU-8 packages could withstand overmold conditions of
100 bar at 180 °C [23]. The large dielectric loss tangent of
~0.06 at 2.45 GHz [26] is compensated for by lithographically
reducing the package wall dimensions and thus minimizing the
effect on electrical feed-through connects. The large thermal
expansion coefficient of ~50 ppm/K [25] is mitigated by its low
Young's Modulus and reduction of the overall package
dimensions. Based on the results of [24] we are investigating if
these packages can be hermetically sealed by applying an
additional inorganic coating.

C. Packaging Process

The basic process of the proposed packaging is illustrated in
Fig. 15 (I-1II). Initially, 30 um thick SU-8 dry film resist
(DFR) is imprinted with a glass master using a de-bonding
agent. The imprinted DFR is then aligned to the device wafer by
the means of imprinted alignment marks and laminated onto it.
Finally, the packaged outline is defined by photolithography,
and the unexposed regions removed during development. This
initial process required certain modifications for improved
yield, as shown in [27]. One problem is that the device cavities
collapse at temperatures exceeding 48 °C. However, stable



Figure 16. Smith chart of the delay line sensor before (red), and after
packaging (blue) showing that additional parasitics are not observed.

results for the lamination of the DFR are achieved at 54 °C. This
problem is prevented if the cavity region is exposed previously,
as it cross-links and does not deform during lamination. Only a
narrow region is not exposed, which is used as a sealing ring
around the package, as shown in Fig. 15 (B). The package shape
itself was found to be affected by a reflow effect during the post
exposure bake (PEB), which was solved by exposing the
perimeter of the package also during step (B) with the same
mask. As this additional step occurs off-wafer, there is no
influence on the device yield or processing time. The commonly
encountered problem that SU-8 adheres to the photomask does
not occur, as the PET-carrier film remains on top of the DFR
during exposure (D). Fig. 13 and 14 show SAW devices
packaged by this process.

The process has three main features: 1. The imprinted
cavities are prepared off-wafer, and this process does not affect
the device yield, 2. The packaging process requires only the
aligned lamination to the device wafer, one exposure, and final
development, 3. The device inside the cavity does not come in
contact with liquid. The last point guarantees that there will be
no residue affecting the acoustic device. It also means that no
stiction effects of e.g. air gap type FBARs [28] will occur. This
technique has recently been applied to the packaging of RF
switches.

D. RF Characteristics of Packaged Devices and Conclusion

Packaged SAW delay line devices were characterized using
an Agilent 5071B network analyzer and an angled Picoprobe
Model-10 GS probe, which allows for on wafer level probing
across the package. The measured forward reflection S11 before
and after packaging is shown in Fig. 16. No changes observable
in the impedance characteristic indicate that negligible
parasitics are introduced. This is also expected from calculation,
as the package section above the bondpad feeds measures only
25~30 um. It is also interesting to note that the strength of the
reflections from the sensor’s time responses are not affected
during packaging, which means that no additional propagation
losses occur.

Acoustic
phase shifter

Electrostatic
gap control

Figure 17. Acoustic phase shifter based on electromechanically controlling
the phase velocity of a SAW by a MEMS structure.

MEMS BASED SAW SWITCH TECHNOLOGY

We have developed a compact SAW phase shifter, which
electromechanically controls the SAW propagation velocity. A
metal sheet fabricated by surface micromachining is suspended
above the piezoelectric substrate, and the gap in between is
controlled electrostatically. The structure is illustrated in
Fig. 17. This technology is of interest for phase shifters, tunable
filters and resonators, programmable filter banks, devices using
control of the propagation angle [29], etc.

A.  Principle of Controlling the SAW Phase Velocity

The influence of a metal sheet in the vicinity of a
piezoelectric substrate and its effect on the phase velocity of
Rayleigh waves was theoretically formulated by Campbell et
al. [10]. This model was used to derive the limiting conditions
for a fully metallized and free surface. This case was also treated
by Auld [30], giving a solution for the distance dependence
based on perturbation theory. The velocity dependence
computed for 128°YX LiNbO3 based on both methods [10, 30]
is shown in Fig. 18.
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Figure 18. Computed dependence of the phase velocity of the Rayleigh wave

on the gap height of a suspended metal sheet.
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Figure 19. Process sequence for the SAW switch based on surface
micromachining.

The general approximation of the SAW coupling coefficient
is given as

Vm

% =2Av/ vy, (11)
where v, and v,, correspond to the propagation velocity for a
free and metallized surface, respectively. By mechanically
controlling the distance of a metal sheet above the substrate
surface, the velocity can be tuned within the range given by v
and v,. A larger coupling coefficient corresponds to more
energy being stored in the electrical waves and thus a larger
sensitivity towards changes in the electrical boundary
conditions. Tuning of up to 1~10 % of the phase velocity is thus
reasonable for the crystal cuts of LINbO5 and LiTaO5 used in
commercial SAW devices.

B. Fabrication Process

The fabrication was designed to be compatible with
standard SAW processing, in respect of used materials and
process temperatures. The process is outlined in Fig. 19. It
assumes that the contact pads for the MEMS switches are
fabricated together with the bondpads of the SAW device. A
positive type sacrificial photoresist layer is then patterned to
expose the anchor pads of the later switches. After development
the resist is exposed again with a much shorter dose to define the
gap height for the switches. Next a 1 um thick aluminum layer
is deposited by sputtering on top of the resist. The aluminum
layer is then patterned by wet-etching. Finally, the masking
resist as well as the underlying sacrificial resist layer are
removed in an O,-plasma asher.

Reflector 2 MEMS switches IDT DUT Reflector 1

\ / \
\

Electrostatic

Network & I_{
gap control

Analyzer

Figure 20. Experimental set-up of the test-device to evaluate the capability of
controlling the phase velocity by the proposed structure.

C. Experimental Verification

For a first evaluation of the ability to control the phase
velocity, an on-chip acoustic test-bench identical to a SAW
delay line shown in Fig. 20 was fabricated. The initial gap
height was chosen to be 2 um, set by the exposure dose of the
second exposure step of Fig. 19. The results shown in Fig. 21
were taken for a 230 pm wide switch. The measured phase shift
corresponds to a sensitivity Av/v of 40 ppm/V, a phase
sensitivity of ~2°/V, and a decrease in velocity of ~3 m/s.
However, the sensitivity is about 10-100 times smaller than
expected, which suggests the existence of a residual gap under
the switches. This seems to be caused by the slight buckling of
the switches, which will be improved. Nevertheless, the
measured sensitivity is two orders of magnitude higher than
electrically-biased phase shifters [31, 32].

XI.  CONCLUSIONS

This paper reviewed recent activities of our group in
developing wireless sensors, wafer level packaging, and tunable
SAW devices. A wireless temperature monitoring system
featuring parallel sensor interrogation using TDMA and the
multi-step evaluation was presented. Important general
knowledge for designing various wireless SAW sensors was
introduced. In addition, LiNbO; bulk micromachining
technologies including thermal inversion and wet etching for a
monolithic wireless pressure sensor were described.

Next, wafer-level packaging technology using imprinted
SU-8 dry film resist for SAW device packaging was described
in detail. This miniature wafer-level package features



Phase shift [°]

0 2 4 6 8 10 12

Applied switch voltage [V]

Figure 21. Measured phase shift for cycling the switch voltage 5 times
between 0 and 20 V.

compatibility with a wide range of substrates, and prevents
contamination or stiction of inside devices. Finally, an
electromechanically-tunable SAW technology has been
introduced, which enables tuning ranges between 1~10%. The
developed surface micromachining is compatible with standard
SAW device fabrication. The fusion of acoustic wave
technology and MEMS technology is believed to create a
variety of new devices.
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Abstract—This paper reviews recent progress of a high-
speed laser probe system developed by the authors
group for surface acoustic wave (SAW) devices. The
phase-sensitive knife-edge method is employed for the
optical detection. This makes the system unsusceptible
to low-frequency mechanical vibration caused by the
fast stage trandation. A fast scanning rate of 2.5 kS/sis
realized by continuous stage trandation and successive
acquisition of the detector output by a high-speed data-
logger. Timing for the data acquisition is synchronized
with the stage movement: timing pulses are generated
from a high-precision linear-scale ingtalled in the
trandation stage and are fed to the data-logger as the
trigger. Effectiveness of the system is demonstrated
through the selective characterization of spurious
resonance modes and scattered non-guided modes
appearing in SAW resonators. It is aso demonstrated
how the wavenumber domain analysisis applied to two-
dimensiona images captured by the laser probe system
for the characterization of RF SAW devices.

|. INTRODUCTION

Various types of the laser probe techniques have been
proposed and used for the visualization of propagating
surface acoustic wave (SAW)[1-4]. Owing to their
recent enhanced measurement speed, dynamic range,
maximum operation frequency, etc., they are believed to
become one of the most effective diagnosis tools for
sophisticated RF SAW deviceg[5-10].

It should be dressed that ultimate reduction in time
consumption is dill one of the matters of vita
importance for applying the laser probe techniques to
the research and development of SAW devices.

The authors have recently reported development of a
very high-speed laser probe system for RF SAW devices
[9,10]. In fact, we can now capture high quality two-
dimensional (2D) data of 2,500 400 points in 20 min,
and further speeding up and SNR improvement are
demanded.

This system is based on the knifeedge
method[2,3,6 11]. Since the method optically detects a
surface microbend occurred by the SAW propagation,
the system is inherently insensitive to low-frequency

vibration caused by the fast stage movement.

The detector output is sampled by a high-speed data-
logger synchronously with the stage movement; trigger
pulses are generated from the output of the high-
precision linear-scale and fed to the data-logger. This
makes the tranglation stage driven at its maximum speed,
and the sampling rate of 2.5 kS/s is achieved without
degradation of the measured result.

The knife-edge method allows us to measure not only
amplitude but phase distributions of propagating SAW
fields. In addition, the distance between two adjacent
measured points is constant and calibrated. Thus, the
measured SAW field in the real space (x-y) domain is
readily converted into the wavenumber (bs-b,) domain
by the 2D Fast Fourier Transform (FFT) [10,12].

Similar to the time gating used for an output of vector
network andyzers, the (b,-by)-domain anaysis offers
various information; the types and characteristics of
spurious signals, and where and how the spurious
signals are generated and propagated[12].

This paper reviews recent progress of the SAW laser
probe developed by the authors group.

After fully describing the system setup, the system is
applied to the characterization of spurious resonance
modes in an SAW resonator on ST-cut quartz. In
conjunction with skillful use of image processing in
wavenumber domain, it is shown how the present
system is effective in the diagnosis and development of
SAW devices.

I1. LASER PROBE SYSTEM

A. Optical system
The optical system of the developed laser probe system
is shown in Fig. 1. The output of the laser diode (LD)
(I 0=635 nm) is beam-formed, and is incident to the
polarized beam-splitter 1 (PBS1), where the spolarized
component is reflected and detected by the monitor
photo-detector (PD). On the other hand, the p-polarized
component is transmitted to PBS1 and PBS2, and
focused on the surface of an SAW device by an
objective lens with a large numerical aperture (NA=0.8).
Due to its twoway transmission in the | /4 plate, the
reflected beam is converted to an spolarized beam on
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Fig. 1 Setup of the optical system

PBS2. Then the beam is reflected by PBS2 and becomes
incident to the prism mirror, which aso acts as a knife
edge.

It should be noted that the laser beam incident to the
SAW device surface becomes obliquely angled by the
pardlel glass plate inserted between the two PBSs.
Therefore, the surface micro-bend caused by the SAW
deflects the laser beam, which is to be intensity-
modulated by the prism mirror and detected by the high-
speed PD (NEWPORT AD-200, f1=2.5 GHz).

The dichroic mirror reflects only red light, and the
above laser path is installed coaxialy in the microscope
tube with the objective lens. Thus, the magnified image
of the device surface with the laser spot can be observed
during the measurement. The image is detected by the
CCD camera and transferred to the microcomputer for
system control.

The SAW device under test is placed on the motor-
driven X-Y stage equipped with high-precision linear-
scales (20 nm resolution).

The operation principle suggests that the laser spot
size D should be smaller than half the SAW wavelength
I's, and that the maximum deflection efficiency is
obtained at D= | ¢/2.[2]

It should be noted that when D is dlightly larger than
the electrode width w, D is effectively reduced to wdue
to large difference in the optical reflectivity between
electroded and unelectroded regions. Because of the
minimum spot size of approximately 1.4 mm in the
present system, maximum operation frequency of the
system may be around 2GHz.

B. Detector circuit

A detector circuit with the analog output was
developed for fast data acquisition. Figure 2 shows its
configuration.

An RF signd is first divided into two paths. The
signal in one path is applied to the SAW device under
test, and the measured optical output is fed to the mixer
after RF amplification. Then the output signal is down
converted to the IF frequency (0.455-10.7 MHz) and
applied to an RF two-phase lock-in amplifier (Stanford
Research, SR844) after IF filtering. The signa in the
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Fig. 2 Detection circuit.

other path is aso downconverted to the IF frequency
and fed to the lock-in amplifier as a reference signal.
The output signals including both the amplitude and
phase data of the lock-in amplifier are fed to the high-
speed data-logger (Hioki 8841).

C. Measurement procedure
Figure 3 shows the setup of the laser probe system.
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Fig. 3 Setup of laser probe system

Computer

Measurement is carried out by the following procedure.
The trandation stage moves continuously aong the
longitudinal (X) direction between the specified starting
and ending points. The high-precision linear scale
attached to the stage outputs two-phase pulse trans
every 40 nm movement. Then output signals of the lock-
in amplifier are acquired by the high-speed data-1ogger
synchronously with the pulse trains. After one x scan is
completed, the stage moves to the lateral y direction by a
specified step, and the same measurement is again
carried out along the reversed x direction. This process
is repeatedly done until the two-dimensional scan is
completed.

In the present system, the trandation stage moves at
its maximum speed of about 1.0 mm/s, and the sampling
rate of 2.5 kS/sis achievable.

The sampling interval of 40 nm step is generaly too
dense resulting in a huge size of data. So the N-divider
circuit was prepared by a one-chip micro-controller
(Atmel ATtiny13) and inserted between the linear-scale
output and the data-logger (see Fig. 3). Here, N can be
set arbitrary by a program; when N=25, for example, the



data interval becomes 1 mm (=40 nm’ 25) step.

Fig. 4 shows the whole system developed. Owing to
the knife-edge method which is very insensitive to low-
frequency vibration, no tight anti-vibration systems are
needed and the optical system occupies only a small
area of 66”56 cnv.
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Fia. 4 Appearance of the laser probe system.

I11. SAW DEVICE ANALYSIS

A. Measurement

The present system was applied to the
characterization of an one-port SAW resonator on ST-
cut quartz. The design parameters are as follows; the
numbers of electrodes of the interdigita transducer
(IDT) and reflectors are 356 and 182, respectively, the
IDT periodicity is 7.19 nm, the aperture is 209 nm, and
the Al electrode thicknessis 140 nm.

Fig. 5 shows the input impedance of the resonator as a
function of the driving frequency. In addition to the
main resonance (b) at 433.00 MHz, several inharmonic
resonances are observed.
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Fig. 5 Input impedance of the device.

The laser probe measurement was applied to the
spurious resonances (a), (¢) and (d) at 431.625, 433.51
and 434.635 MHz, respectively, as well as to the main
resonance (b). At each frequency, it took approximately
20 min. to scan 2,620 (x) ©~ 410 (y) points with 1 mm

step.

Fig. 6 shows the result. SAW field distribution is
clearly visible. At this frequency region, the dynamic
range of about 40 dB is achievable when the detector
bandwidth is 1 kHz. The dynamic range can be
enhanced by narrowing the detector bandwidth, though
the trandation speed needs to be reduced as a trade-off.

At the main resonance (b), the SAW energy is
confined within the IDT region, and the amplitude
changes smoothly along the latera (y) direction of the
IDT. Since the detector output is proportional not only
to the SAW amplitude but aso to the coefficient of
optical reflection on the surface, the periodic streaks
parallel to the y direction is due to the difference in the
reflection coefficient of the Al electrodes and quartz
substrate.

At the spurious resonance (a), three bright loops are
observed in the longitudinal §) direction in the IDT
region. This indicates that the SAW is trapped as one of
the higher-order longitudinal resonances.

As to the spurious resonances (¢) and (d), three and
five bright loops ae observed digning in the
longitudinal (x) direction in the IDT region. They show
that the SAW is trapped as one of the higher-order
transverse resonances.

B. Wavenumber-Space Distribution

Figure 7 shows the (b,-by) spectrum A(by,b,) calculated
by the 2D FFT of measured data a(x,y) at 433.51 MHz
(c). The spectrum on upper (b,>0) and lower (b,<0) half
planes corresponds to the SAW propagating upward and
downward on the device surface respectively.

Two lines at b,=tbs represent the contribution from
the SAW propagation giving the main resonance. Each
lineis basically composed of two bright spots due to the
oblique propagation of a guided transverse mode,
smearing in the vertical direction owing to the finite
width of the SAW beam.

A bright spot is aso shown at the origin (by,b,)=(0,0),
corresponding to the contribution of the electromagnetic
(EM) feedthrough from the SAW device to the photo
detector circuit. It should be noted that since IDTs can
not ideadly generate acoustic waves normal to the
substrate surface, the acoustic contribution should be
zero at the origin. Because of the finite measured area,
the spot smears both in the verticad and horizontal
directions.

An €lliptic trace is seen around the origin in the figure.
Since the trace includes the bright spots, this suggests
that the trace could be the contribution of the SAW
scattered at discontinuities.

In addition, severa vertical lines are seen at b,=nbs,
where n is an integer. They are caused by the fact that
the IDT and reflector electrodes are aigned periodicaly
and that their periodicities p are amost equa to each
other[10]. Namely, the variation in the optica
reflectivity generates the spectrum components of
b=tbs+2np/p from the SAW components at b,=tbs,
while those of b,=2npg/p from the EM feedthrough
component a b,=0. Since bs is equa to p/p at the
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resonance, bright lines appear at by=nbs in the (b.-by)
spectrum.

Remaining severa lines at b, nbs may be due to the
aliasing caused in the FFT calculation.

C. Gating

Particular contribution can be selectively characterized
by extracting or removing corresponding spectrum and
reconverting into the real (x-y) space by the inverse
FFT[12].

Fig. 8 shows an example, where the EM feedthrough
was removed by removing the spectrum around the
bright line dong b,=0. Comparison of Fig. 8 with Fig.
6(c) clearly shows that the contrast is enhanced, and that
the stresks seen in the bus-bar and reflector regions
disappeared. The streaks are caused by the interference

between the propagating SAW and EM feedthrough.
This technique is expected to become effective with the
increased measurement frequency, where the influence
of the EM feedthrough is not negligible.

Fig. 9 shows another example obtained by extracting
the spectrum around the ova in Fig. 7, which
corresponds to the contribution of the scattered SAW.
By comparing Fig. 9 with Fig. 6(c), the scratch at upper
right is identified as the main scatterer, and the
scattering by the surface contaminations is found
negligible.

D. Instantaneous field distribution

Since the resonator structure under consideration is
symmetric and quas-periodic, the SAW fied
distribution (envelope) &(x,y) is estimated simply by
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Fig. 8 Measured SAW field distribution after renoval of EM feedthrough. (433.51MHz)

Fig. 9 Extracted scattered SAW field. (433.51MHz)

Fig. 10 Estimated SAW envelope in the one-port SAW resonator (434.635 MHZz).

extracting the two-dimensiond data A(by,b,) around
b,=+bs from A(b,b,) and applying the inverse FFT to
A(bcbsb,)[10].  An  instantaneous  amplitude
distribution is estimated by Re[a(x,y)exp(jwt)] where w
is the driving frequency. This image processing
technique might be understood from an analogy with the
synchronous detection of modulated signals in the
telecommunications.

Fig. 10 shows the instantaneous SAW field distribution
(envelope) Re[&(x,y)exp(jwt)]. The periodic streaks in
the row data are completely removed and the reversal of
sign amongst adjacent loops are clearly seen.

V. CONCLUSIONS

This paper introduced a high-speed laser probe
system developed by the authors’ group for SAW
devices.

A fast scanning rate of 2.5 kS/s is redized by
continuous stage trandlation and successive acquisition
of the detector output. The acquisition is synchronized
with stage movement detected by a high-precision
linear-scale installed in the trandlation stage.

Owing to the phase-sensitive knifeedge method
employed for the optical detection, the system is very
unsusceptible to low-frequency mechanical vibrations
caused by the fast stage trandation.

The system was applied to the characterization of
spurious resonance modes in an SAW resonator on ST-
cut quartz. In conjunction with skillful use of image
processing in wavenumber domain, it is shown how the
present system is effective in the diagnosis and
development of SAW devices.

Further reduction in the total measurement time may
be possible by optimizing the acceleration and
deceleration profiles for the stage trandation.
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Abstract— In this paper, two different methods for absolutely
measuring the surface mode patterns in piezoelectric resonators
are described. One is high-sensitive method that uses a
semiconductor laser in synchronization with the device motions,
and the other is wideband method that uses a burst resonator
driving. Both methods are based on a two-dimensional laser
speckle interferometer with a CCD video camera, and can provide
very clear mode shapes with the absolute displacement scales.
Some statistical approaches for the measured interference images
are used for deriving the absolute vibrational-displacements in
both methods.

1. INTRODUCTION

Anumber of methods for plotting the mode shapes of
piezoelectric resonators have been developed. In
designing resonators or vibration devices, measuring the
vibration mode shapes is very important. Many of these
methods use the optical interference, which is the interaction
between incident and reflected photons, produced by coherent
laser beams [1]. The laser speckle method that uses the long
coherence of modern lasers is a powerful tool for visualizing
the displacement of deformed shapes. As a result, many
techniques have been proposed [2-6]. When a coherent light
such as that from a semiconductor laser irradiates a surface that
has a surface roughness greater than the laser wavelength,
reflected photons form a random speckle pattern. Because the
speckle pattern is very sensitive to changes in the path length,
this method can be applied to piezoelectric resonators with
minute displacements.

Advances in computer technology have enabled the
application of finite element analysis (FEA) to the design of
high-frequency piezoelectric resonators such as quartz
resonators and SAW devices. In designing the resonators,
confirming the reliability of the calculated results is very
important because the calculation renders many spurious
resonances. Comparing of the mode shape as predicted by
analysis and obtained by experiments is the best way to confirm
the results.

High-frequency piezoelectric resonators are generally small
and their surfaces are not rough enough to directly apply the

Email: y.watanabe@ieee.org

laser speckle method. For this reason, we have developed
many methods for visualizing the mode shapes that combine
surface speckle interferometry and image processing
techniques [7-13]. The process involves irradiating a roughly
finished device surface with a visible-collimated laser beam,
and the speckle field that is generated on the surface of the
device is captured by a CCD video camera.

However, the absolutes value of the vibrational
displacements had not been estimated by the previous method,
and the measurement error had not been estimated.

In this paper, two different methods, based on the
two-dimensional laser speckle method, for absolutely
measuring the surface mode patterns in piezoelectric resonators
are described. One is high-sensitive method that uses a
semiconductor laser in synchronization with the device
motions, and the other is wideband method that uses a burst
resonator driving.

The calibration system for the absolute displace estimation is
described in Section II. The principle, the measurement system
and experimental results of the laser-synchronization method
are described in Section III. The method based on the burst
resonator excitation method is described in Section IV. We
applied these methods to measure the fundamental thickness
shear modes in a circular AT-cut quartz resonator with a
roughly finished surface.

II. CALIBRATION SYSTEM [13]

A diagram of the system used to measure the absolute
in-plane vibrational displacement is shown in Fig. 1. A small
mirror is attached to a lateral face of a rectangular quartz plate
having roughly finished surfaces. The plate is externally
vibrated by a laminate ceramic actuator in the lateral direction.

Figure 2 shows a detailed drawing of the plate. The
Michelson interferometer measures the out-of-plane vibrational
displacement at the lateral face to which the mirror is attached.
This displacement corresponds to the in-plane displacement
observed at the upper side of the plate. The speckle images on
the quartz plate are captured with a CCD camera placed over
the plate.

The amplitude of the in-plane displacement on the plate
surface is obtained from data and statistical processing of the
speckle images: estimation of pixel brightness, calculation of



visibility, and an correction of the error in the vibrational
amplitude based on the interference function.

Figure 3 shows the optical reflection and interferometric
model of the resonator surfaces, which are roughly finished.
The incident angle of the laser beam must be set almost parallel
to the surface being measured. The light beams scattered on the
surface interferes with each other; that is, the bright or dark
spots on the device surface are amplitude modulated by the
in-plane vibrations. In general, the surface roughness of
devices ranges from several micrometers to a hundred
micrometers, sufficiently large in relation to the wavelength of
visible lasers and sufficiently small in relation to the coherence
length of semiconductor lasers. Accordingly, the vibrational
amplitude can be obtained by measuring the brightness changes
at the interference points on the device surface.
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interferometer ceD
mirror cam.
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Figure 1. Measurement system.

Figure 2. Quartz plate with small mirror.

incident radiation

device surface \

interference field

Figure 3. Optical model of device surface.

Assuming the optical model shown in Fig. 3, the
interferometric intensity is given by the following equation
when the laser beam is parallel to the resonator surface.

1 =f0+70052kdx )

where k = 2n/A, A is the wavelength of the laser, lo is the
average intensity of the interference, y is the visibility of the
fringes, and dx is the vibrational displacement of the resonator.
The y changes the surface condition of the resonator and its
optical constructions.

III. SYNCHRONIZED LASER METHOD

A. Principle

Based on the constituent relation for piezoelectric devices,
the amplitude of the vibrational displacement is proportional to
the driving voltage. Using this relationship, we can obtain
visibility y from arbitrary pairs of vibrational amplitude and
interferometric intensity. We obtained y by using resonator
driving voltage V; and V, (V,= V7 /2). The absolute vibrational
displacement was obtained using (1).

By rearranging (1), we can express y as

2-AI°

=8 @)
" T4 AL - AL

where A/, and Al are the differences in optical intensities for
V1 and V, respectively.
We can thus obtain the absolute amplitude of the in-plane
vibration by using

dx = icosl(l—MT_M] 3)

where & is the residual error caused by CCD and
environment noise.

A practical approach for the application of the laser speckle
method is as follows.

1) Calculate the mode shape and contour map from the set of
images captured by the CCD camera using a
two-dimensional correlation function.

2) Divide the set of image areas having approximately the
same in-plane vibrational amplitude into smaller areas.

3) Find the pair of pixels that gives the maximum optical
intensity difference in each divided area.

4) Repeat steps 2) and 3) using half the resonator driving
voltage to derive visibility .

5) Repeat steps 2) and 3) without driving to estimate system
noise &

6) Map the frequency distribution characteristics of the
intensity differences in the divided areas.

7) Calculate the in-plane vibrational amplitude using Eq.(3).



B. Measurement System

Figure 4 shows a block diagram of the measurement system
[13]. A reference oscillator phase locks the signal generators
(SGs). A low-frequency oscillator generates the image capture
triggers and the phase control signals for SG;. A commercial
CCD video camera captures images of the interference on the
surface of the sample. These images are averaged to reduce
system noise. The vibration patterns are obtained as correlation
coefficients between the images for the maximum positive and
maximum negative vibrational phases. A semiconductor laser
with linear polarization generates a visible beam. In our
measurements, the laser had an optical power and wavelength
of 10 mW and 655 nm, respectively. The incident angle of the
beam on the resonator surface was 10°. The spatial resolution
of the camera was 640 x 480 pixels. The kernel for calculating
the correlation between two accumulated images had 5 x 5
pixels, so the kernel was sufficiently smaller than the
wavelength of the acoustic wave on the resonator surface.
After the correlation analysis, the small areas are classified by
their amplitude levels for the frequency distribution analysis.

Capture Trigger Image Transfer
Oscillator . cch
Phase Mod. Signal Cam.
Generator1
Reference AM
Oscillator - Mod. L1
Lo
Generator2
Coaxial Resonator
i - Under Test
SWR. Switch
Analyzer

Figure 4. Experimental setup of full-field in-plane motion visualization
system with synchronized laser diode.

C. Results

Figure 5 shows the frequency distribution characteristics of
the intensity deviations in the divided areas. The drive
frequency of the ceramic actuator was 1 kHz. The actuator
driving voltage was adjusted to achieve the absolute
displacement. Five thousand pairs of images were accumulated
and averaged to reduce the CCD and environment noise. The
ordinate axis is the frequency of the divided areas, and the
abscissa axis is the deviation in pixel gradation. The peaks of
the curves corresponding to changes in the vibrational
displacement. Even the actuator driving level was zero, there
was still a gradation-sequence error of about 0.2, caused by the
CCD and environment noise.

Figure 6 shows the measured in-plane displacement vs.
absolute displacement based on Fig. 5. The dotted line shows
the ideal characteristics.
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Figure 5. Frequency distributions of pixel gradation for vibrational
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Figure 6. Comparison between measured and absolute
vibrational displacements.

Visibility y is taken into account to correct the systematic
error caused by the optical measurement conditions. The filled
circles and triangles represent the measured in-plane
displacement. The filled circles were derived using system
error ¢, and the filled triangles were derived without & Very
good correlation between the measured and absolute
vibrational displacement was obtained with & The open
circles show the experimental results [13]; 100 images were
used for averaging, and & was ignored. This figure shows that
the absolute in-plane vibrational displacement can be measured
using equation (3) with an appropriate number of images and
system error correction.

Figure 7 shows the mode shape of the fundamental
thickness-shear mode in a circular AT-cut resonator. We used
a 10 MHz circular AT-cut quartz resonator with a roughly
finished surface (#4000) with partial electrodes [10]. In this
experiment, 500 pairs of images were used. The scale on the
right was determined using the proposed method. This figure
demonstrates that the vibrational amplitude is trapped in the
midsection of the electrode area. The in-plane vibrational
displacement was approximately 100 nm in the midsection and
was below 20 nm at the circumference.
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Figure 7.

IV. BURST EXCITATION METHOD

A. Principle

In the burst resonator excitation system, the speckle
interferometric intensity ~ difference = between  the
resonator-driven and resting phases is given by integrating
equation 1 as,

sin 2kdx
AI =y 1- 205 4
d ( ke j @

We can easily understand from the equation that y is not
explicitly obtained by changing dx as a parameter. Therefore,
we used a second order polynomial function to approximate
equation 4 at around dx = 0.

The second term in the parentheses in equation 4 can be
formally expressed as,

SIn2kdx _ i & B +1 5)
2kdx

where « and S are negative constants, and they can be
derived by determining A and the approximation range. By
rearranging equation 5, dx can be obtained by the next
relationship.

Al = —;/(adxz + ,de) (6)

ycan be obtained by solving equation 6 for two dx(s) of their
amplitude ratio is 1 : 1/2.

2
y:gzw, @
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where Al and Al are the differences in optical intensities for
Viand V>, (= Vy / 2). This method is based on the linear
piezoelectric relation and its potency is demonstrated in our

previous paper [13]. In our proposed method the residual noise
¢ of the image is subtracted from each A/, and A4/, before using
equation 7 because the relationship between brightness of the
interferometric filed and the vibrational displacement is not
simply defined.

We can thus obtain the absolute vibrational amplitude of the
in-plane vibration using equation 4. Figure 8 shows a
flowchart for measuring and image processing.

| Measure Image 0; Resonator driving voltage =V, |

Y

| Measure Image 1. Resonator driving voltage =V, |

Y

| Measure Image 2; Resonator driving voltage =V, (=V,/2) |

| Map contour from Image 1 using 2D correlation function |

Divide the set of image areas with approximately the same
in—plane vibrational amplitude into smaller areas

Y

Find the pair of pixels that gives the maximum optical
intensity difference Al in each divided small area

Y

Plot frequency distribution of Al in image 0 to 2

Determine central §1 in the area using the peak frequency and
subtract ¢ (Vy) from Als of V, and V,.

Y

Calculate y using equation 5 and Calculate vibrational
amplitude using equation 4.

End

Figure 8. Flowchart of measurement and image processing

B. Measurement System

Figure 9 shows an optical layout of the burst
resonator-driving system for measuring the in-plane mode
shapes of the piezoelectric devices. A collimated beam from
the laser diode (LD) illuminates the electroded sample surface
and was scattered on the surface. Polarization of the laser beam
was parallel to the sample surface. The reflected beam was
illuminated on the mirror placed on the opposite side of the
laser.

This optical system enhances the interference intensity of the
sample surface when the in-plane vibrational displacement is
measured. The incident angle of the laser in the system used is
same as the system described in Section II.



Figure 10 shows a timing chart of the sample driving signal
and image capture triggers. The resonator sample was driven
by a burst wave signal at the resonant frequency of the sample.
The burst period and duty ratio were 400 ms and 5%.

The period of the video trigger was half that of the burst
period. Images for the driven and resting states are thus
alternately obtained. The slow trigger rate is attributable to the
image transfer and the image averaging.

Polarization

Mirror

Collimator

Device under test

Figure 9. Optical layout of burst-drive laser speckle method.

Figure 10. Timing chart of measurement.
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Figure 11. Measurement system.

Figure 11 is a block diagram of the measurement system.
A charge coupled device (CCD) video camera was used to
capture the diffusion light component on the surface of the
sample. The vibration patterns were obtained as reciprocals of
the correlation coefficients between the images for the driven
and resting phases. This system was improved so that the
frequency synthesizer’s output frequency automatically traced
out the resonant frequency of the device using the network
analyzer.
The specifications of the laser and other equipment in this
system are same as the system in Section II.

C. Results

We used the same calibration system as shown in Section I
for estimating the burst method.

Figure 12 shows the measured in-plane displacement vs. the
absolute displacement derived from the frequency distribution
of the intensity deviations. The dotted line represents the ideal
characteristics. Visibility yand residual error £ were taken into
account to correct for the systematic error caused by the optical
measurement conditions and the CCD noise. The drive
frequency of the ceramic actuator was 1 kHz. The actuator
driving voltage was adjusted to achieve the specified
displacement. Two thousand image pairs were accumulated
and averaged to reduce the CCD and environment noises.

The dots represent the measured in-plane displacement. The
error bar shows the standard deviations of measured data that
were taken five times. The maximum standard deviation was
25 nm. A very good correlation between the measured and
absolute vibrational displacements was obtained with regards
to yand &

Figure 13 shows the measured in-plane displacement
without using . Very large errors are observed in the figure,
that is, the error correction is necessary for this method.
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Figure 12. Comparison between measured and absolute vibrational
displacements.

250

Measured displacement (nm)
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Figure 13. Comparison between measured and absolute vibrational
displacements without concerning e.



Figure 14 shows the mode shape of the fundamental
thickness shear mode in a circular AT-cut resonator. We used a
23 MHz circular AT-cut quartz resonator with a roughly
finished surface (#4000) with partial electrodes. We used 200
image pairs in this experiment. The resonator driving level was
+ 13 dBm of the SG output level. The scale on the right was
determined using the proposed method. This figure
demonstrates that the vibrational amplitude was trapped in the
midsection of the electroded area. The in-plane vibrational
displacement was approximately 200 nm in the midsection.
The measurement time was approximately 300 s. The image
transfer process occupied the majority of the measurement
time.

100

Figure 14. Experimental results for 23 MHz circular AT-cut quartz resonator.
(N=200; Drive level = +13 dBm).

V. CONCLUSIONS

We have developed two full-field imaging methods that
rapidly measures the absolute in-plane mode shapes of
piezoelectric devices. By taking into account the error caused
by CCD and environment noise, the absolute in-plane
displacement on a device surface can be mapped. The full-field
attribute of the method enables rapid data acquisition compared
to mechanical scanning. The method will be further improved
by introducing a low-noise CCD camera and incrementing the
number of measurements.
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Picosecond laser based surface acoustic wave probing

Oliver B. Wright
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Abstract — 1 show how by the use of an ultrafast optical
technique one can excite broadband surface acoustic wave
packets and track them on crystals, microstructres, and on 1D
and 2D phononic crystals in two dimensions and in real time at
frequencies up to ~1 GHz. The acoustic dispersion relation is
obtained from the data by means of a spatiotemporal Fourier
transform. In phononic crystals we find stop bands for both leaky
longitudinal and Rayleigh waves.

Keywords: phononic crystal, surface acoustic wave, stop band,
ultrasonic

I INTRODUCTION

Laser-based acoustics is an excellent method for
investigating acoustic wave propagation in microstructured
specimens. To achieve the sub-micron acoustic wavelengths
required, picosecond laser pulses have been used to generate
and detect high frequency bulk waves. Thin films [1],
microstructures and nanostructures [2][3] can be characterized
in this way with longitudinal waves. Furthermore, similar
measurements with shear waves have been carried out [4]. It
was also shown by myself and coworkers that picosecond laser
pulses are suitable for generating and imaging surface acoustic
waves (SAW) up to ~1 GHz [5]. These methods present the
advantages of non-contact and nondestructive testing. Most
recently we have been studying the interaction of laser
generated surface acoustic waves with 1D and 2D
microfabricated phononic crystals that exhibit stop bands.
Phononic crystals can have a variety of geometries. For
example, they can consist of periodically oriented grooves or

lines, [6] or of cylindrical holes or cylinders [7-9] in a substrate.

The superior acoustic features of phononic crystals, such as
acoustic stop bands, have led to their incorporation in devices
such as filters [9][10]. In this paper I shall illustrate our
picosecond SAW imaging technique in relation to our recent
work on phononic crystals.

II. EXPERIMENTAL SETUP

For the surface acoustic wave measurements we are using
an optical pump and probe technique, shown in Fig. 1 (a),
incorporating light pulses of duration ~1 ps. The detection is
performed with two 800 nm probe beams by means of a com-
mon path interferometer [5][11] that measures the optical phase
difference A¢ between these beams. The pump light pulses of

(a) DISPLACEMENT
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wavelength 400 nm are absorbed at a small spot (~2 um in
diameter) at the surface of the specimen, launching Rayleigh-

Figure 1. (a) Pump and probe setup for a phononic crystal sample. (b)
Geometry for optical incidence on a 1D phononic crystal. The probe beam is
scanned. (SHG: second harmonic generation crystal. BS: beam splitter.)

like surface acoustic waves (RW) as well as leaky longitudinal
acoustic waves (LW) along the surface. As shown by the
optical incidence configuration in Fig. 1 (b), the probe laser
spot (also of diameter ~2 xm) is scanned in the lateral (x, y)
directions across the surface. We record the temporal variation
of A¢, which is proportional to the time derivative of the out-
of-plane surface motion (Ou./0f), within an area of 150 um x
150 um. The 76.3 MHz repetition rate of the laser corresponds
to a period of 13.1 ns. We typically record 40 images, equally
spaced in time within 13.1 ns. The broadband SAW pulses
have a maximum amplitude between 200 MHz and 700 MHz,
corresponding to a dominant wavelength A~10 pm.
Frequencies up to ~1.3 GHz are detected.



III. MICROFABRICATED PHONONIC CRYSTALS

Both 1D and 2D phononic crystals were prepared. To
make a 1D phononic crystal of period a=4 um, alternate 2 um
wide copper and silicon oxide lines of thickness 800 nm are
deposited perpendicular to the [011] direction on a silicon
(100) substrate [see Fig. 2 (a)]. As the cross section of the
specimen in Fig. 2 (b) shows, a layer of tantalum of thickness
25 nm serves as a diffusion barrier for the copper. The
industrial fabrication process involves lithography and
chemical-mechanical polishing, leading to a very small
surface roughness (<10 nm). On top of this specimen we
sputtered a 30 nm gold layer to achieve uniform optical
reflectivity. The gold layer and the tantalum diffusion barrier
do not significantly affect the SAW dispersion [5].

The 2D phononic crystals consist of air-filled holes etched
in silicon (100), arranged in regular square lattices. The holes
have diameter d=12 um, depth A=15 um, lattice constant a~15
um, and filling fraction F=50%. We also prepared a similar
sample with d=6 um, h=80 um, a~6.5 ym and F~70%. These
samples are metal coated to a 40 nm thickness.

(a)
= 2llM
s 4m
(b) LA LI Lhidl $ 800 nm
\‘ \ \‘ SILICON
COPPER SILICON OXIDE
DIFFUSION BARRIER (TA)

Figure 2. (a) Optical micrograph of the top surface of the sample. (b)
Corresponding cross section of the specimen before gold film deposition.

IV. RESULTS

A. Real-time mesurements

Figure 3 shows four consecutive images of the measured
optical phase difference Agover a 150 gm x 150 pm region of
the 1D phononic crystal sample (corresponding to 37 copper
lines). The images are spaced by 1 ns. The multiple wave
fronts are caused by the laser pulse repetition, the multimode
excitation, and the scattering by the periodic line array. The
SAW penetrates to a distance ~A. The SAW propagation,
especially at low frequencies, is therefore affected by the
anisotropic Si substrate. We observe a twofold symmetry in the
wave front that is caused by the line array. The influence of the
anisotropic Si can only be observed at low frequencies where A
is larger (as described later).

Figure 3. (a) — (d) Real-time images of the optical phase difference Ag
separated in time by ~Ins. The scanning area is 150 gm x 150 um.

B. Dispersion relation

With a complete temporal series of these images, we have
direct access to the complete dispersion relation using a
combination of a 2D Fourier transformation in the space
domain [12],

1

F(k,t)=W

J' f(r,0exp(=ik-r)d°r,
and a Fourier transformation in the time domain,

1
H(k,a))=g

.[ F(k,t)exp(iot)dt .

From the 40 recorded real-time images, the complete
dispersion relation of the excited waves is calculated from the
above Fourier transforms. Figure 4 shows two such constant
frequency surfaces of the dispersion relation. The boundary of
the first Brillouin zone (BZ) at k,=ta/a= +0.79 um™ (period
a=4 um) is indicated by the white arrows. At 458 MHz [Fig. 4
(a)] the RW and LW modes form concentric rings, indicating
an approximately isotropic wave velocity. Mode identification
is provided on the right in Fig. 4. The RW ring is also visible as
a ghost shifted in both the positive and negative k, directions
by a reciprocal lattice vector +G=2x/a=1.58 um™, owing to the
effect of acoustic scattering in the periodic structure. These
ghosts are referred to as Bloch harmonics (see dotted lines in
Fig. 4). At 534 MHz [Fig. 4 (b)], one sees stop bands persisting
for propagation angles (to the k,-direction) up to 8=15° and
20° for RW and LW, respectively. The overall shape of the
constant frequency surfaces becomes noticeably flattened with
respect to a circle by the effect of the periodicity (that imposes
zero group velocity at the BZ edges). We interpret the bridge-
like features joining the RW and LW branches at #~30° (to the
k.-direction) to be RW Bloch harmonics inside the 1% BZ. At
higher frequencies (> 600 MHz) we observe that the stop band
closes.
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Figure 4. Left: experimentally obtained constant frequency surfaces for (a)
458 MHz and (b) 534 MHz. Right: Mode identification at both frequencies.
BH: Bloch harmonics.

C. Comparison of real-time imaging and dispersion relation

The effect of the stop band, which we identified in the
constant frequency surface at 534 MHz, can also be observed
in real time. Figure 5 (a) shows the real-time data filtered with
a band-pass filter around 229 MHz. As expected at these low
frequencies the wave propagation is almost isotropic, and the
wave front consists of concentric rings. The anisotropic silicon
substrate causes a weak fourfold symmetry. Figure 5 (b) shows
the filtered real-time data corresponding to a band-pass filter
around 534 MHz [cf. Fig. 4 (b)]. In this case we observe strong
attenuation for waves propagating in the x-direction for which
the stop band occurs. After about 2-3 periods the waves almost
completely disappear.

filt(Ad)
(arb.

150um x 150um

Figure 5. (a) Real-time data filtered around 229 MHz. (b) Real-time data
filtered around 534 MHz, where the stop band occurs. The notation filt(Ag)
for the scale means the filtered value of the optical phase difference Ag.

V. 2D PHONONIC CRYSTALS

We have also applied the same experimental techniques to
the two 2D phononic crystal samples, and preliminary results
were obtained. For the a=15 um sample, the wave fronts could
be observed over the area of the 2D phononic crystal surface,
as in the 1D case, and a stop band was discerned at ~250 MHz
for x- or y- directed propagation. For the a~6.5 um sample, the
holes were too close together to allow imaging over the area of
the 2D phononic crystal surface, but we were instead able to
measure wave fronts reflected from the structure over an
unpatterned portion of the surface. This indicated a stop band
in the vicinity of 550 MHz for x- or y-directed propagation. We
are at present analysing these results by comparison with
simulations [13].

VI. CONCLUSIONS

In conclusion we have applied a real time imaging method
to the detection of propagating surface acoustic waves in
crystals, microstructures and 1D and 2D phononic crystals. By
Fourier transformation the acoustic dispersion relation is
directly obtained. So far the frequency resolution has been
limited to ~76 MHz, the repetition rate of the laser used. In
future the use of a lower repetition rate should allow much
finer frequency resolution. We also intend to apply this method
to study wave propagation phenomena on surface acoustic
wave resonators or waveguides, and it should also prove useful
for characterizing acoustic waves on 3D phononic crystals.

ACKNOWLEDGMENT

We would like to thank JSPS (the Japanese Society for the
Promotion of Science) for financial support and Alex Maznev
for donating the 1D phononic crystal specimen I also thank



Dieter Profunser, Osamu Matsuda Udo Lang, Abdelkrim
Khelif, Sarah Benchabane, and Vincent Laude for their
contributions to this work.

REFERENCES

C. Thomsen, H.T. Grahn, H.J. Maris and J. Tauc, “Surface generation

and detection of phonons by picosecond light-pulses”, Phys. Rev. B., vol.

34, pp. 4129-4138, 1986

D.M. Profunser, J. Vollmann and J. Dual, “Measurement of the bulk
acoustic wave propagation in ultra-thin membranes”, Proceedings of the
IEEE Ultrasonics Symposium, pp. ,Munich, 2002

D.M. Profunser, J. Vollmann and J. Dual, “Determination of the material

properties of microstructures by laser based ultrasound”, Ultrasonics, vol.

42, pp. 641-646, 2004

O. Matsuda, O.B. Wright, D.H. Hurley, V.E. Gusev and K. Shimizu,
“Coherent shear phonon generation and detection with ultrashort optical
pulses”, Phys. Rev. Lett., vol. 93, Art.No. 095501, 2004

Y. Sugawara, O.B. Wright, O. Matsuda, M. Takigahira, Y. Tanaka, S.
Tamura and V.E. Gusev, “Watching ripples on crystals”, Phys. Rev.
Lett., vol. 88, Art.No. 185504, 2002

D.M. Profunser, O.B. Wright and O. Matsuda, “Imaging ripples on
phononic crystals reveals acoustic band structure and Bloch harmonics”,
Phys. Rev. Lett., vol. 97, Art.No. 055502, 2006

(7]

[12]

[13]

Y. Tanaka and S. Tamura, “Acoustic stop bands of surface and bulk
modes in two-dimensinonal phononic lattices consisting of aluminium
and a polymer”, Phys. Rev. B, vol. 60, pp. 13294-13297, 1999

Y. Tanaka and S. Tamura, “Surface acoustic waves in two-dimensinonal
periodic elastic structures”, Phys. Rev. B, vol. 58, pp. 7958-7965, 1998

T.T. Wu, L.C. Wu and Z.G. Huang, “Frequency band-gap measurement
of two-dimensional air/silicon phononic crystals using layered slanted
finger interdigital transducers”, J. Appl. Phys., vol. 97, Art.No. 094916,
2005

S. Benchabane, A. Khelif, J.Y. Rauch, L. Robert and V. Laude,
“Evidence for complete surface wave band gap in a piezoelectric
phononic crystal”, Phys. Rev. E, vol. 73, Art.No. 065601 2006

T. Tachizaki, T. Muroya, O. Matsuda, Y. Sugawara, D.H. Hurley and
O.B. Wright, “Scanning ultrafast Sagnac interferometry for imaging
two-dimensional surface wave propagation”, Rev. Sci. Instr., vol. 77,
Art.No. 043713, 2006

Y. Sugawara, O.B. Wright and O. Matsuda, “Direct access to the
dispersion relations of multiple anisotropic surface acoustic modes by
Fourier image analysis”, Appl. Phys. Lett., vol. 83, pp. 1340-1342, 2003
T.T. Wu, Z.G. Huang and S.Y. Liu, “Surface acoustic wave band gaps in
micromachined air/silicon phononic structures — theoretical calculation
and experiment”, Z. Kristallogr., vol. 220, pp. 841-847, 2005



Bringing BAW Technology into Volume Production:
The Ten Commandments and the Seven Deadly Sins

Robert Aigner, TriQuint Semiconductor, Florida
raigner@tgs.com

ABSTRACT: mature process because the improvement of one parameter
This paper reviews the ten most important things usually harms other parameters in an unexpected way.
required to bring a thin film resonator BAW processinto From a manager’s point of view making a BAW filter seem

volume production. Relationships between performance like a trivial task. | have heard comments like “How hard
parameters are described and some of the obstacles are can it be? It is just 8 elements! RF-ICs have millions of
outlined. transistors!”. True. But may | ask: how accurate is thia g

of a transistor?
Keywords: BAW (Bulk Acoustic Wave), SMR (Solidly
Mounted Resonator), FBAR (Film Bulk Acoustic Resonator) THE “TEN COMMANDMENTS” FOR BAW

INTRODUCTION:

The list of companies who have succeeded in
commercializing BAW/FBAR is equally long as the list of Uniformity
those who have failed and/or given up. Within the riext Trimming

1. Coupling coefficient

2

3

4,
years both lists will become a lot longer. It is remal&ab 5. Spurious modes

6

7

8

9

1

Q-values

that BAW/FBAR used to be a topic of intense R&D mostly Temperature coefficient
in companies not previously engaged in Surface Acoustic Passivation layer
Wave (SAW) filters. The schematic cross-section of an Power handling

FBAR or SMR BAW device looks very similar to thingfil
capacitors or micromachined pressure sensors; things the IC
industry has been doing for two decades. Lithography
requirements for BAW are trivial as compared to the state-]) COUPLING COEFFICIENT I%eﬁ

of-the-art in IC manufacturing. The idea of adding BAW to Without any doubt this parameter is the biggest challemge i
the technology portfolio of an IC company is an easy sell.thin-film BAW. It is quite likely that FBAR/BAW would
However in the aftermath of this decision it is very difft have emerged ten years earlier if the deposition methods for
for management to accept that it takes so long to develop piezoelectric films would have been available. Numerous
BAW process and why progress in performance andearly activiies in BAW failed because the coupling
improvement of yield is an uphill battle. In contrast @ | coefficients Ky were too low and were not reproducible.
companies the major players in SAW engaged withThe method of choice for thin-film piezolayers is reactive
BAW/FBAR very reluctantly and very late, probably magnetron sputtering. The dominant material today is
because they had a better understanding on how difficult @learly Aluminum Nitride (AIN). The entrepreneur Ken
task this may be. Lakin succeeded building the first BAW filters in small
Many of the obstacles found during the development of avolumes in the mid 1990's for military applications, liut
BAW process pop up as a total surprise like rocks lgc&  was not until the late 1990's that groups at Hewlett Packard
winding road; very often the engineers have to turn aroundnow Avago) and Siemens (now Infineon) developed sputter
and revisit things they had considered completed lomg ag processes vyielding sufficient coupling coefficients for
Some examples will be given later. It is also a very commonFBAR/BAW filters in handset applications. A definition of
mistake to trust that good modeling and simulation“good enough” will be given below. The know-how and
capabilities will compensate for deficiencies in resonatorprocess for sputtering AIN with perfect c-axis orientati®n
performance. The truth is that there is no software that willa well kept secret by those who have succeeded. From what
allow you to build good filters if your resonator perfance is published about AIN growth [1, 2, 3, 4] there is agntly

is insufficient. However it should be pointed out that no consensus about the conditions under which excellent
simulations and theoretical analysis are essential aids téilm quality is achieved. It is also clear that the “best know
figure out how to improve the resonator performance andprocess” developed on one vendor’s tool can not be copied
what process changes are needed. It can take much longgy another vendor’s tool without significant rework.

than anticipated from a first “almost working” sample to a

. Nonlinearities
0. Packaging



There is strong indication that the layer on which AIN is

deposited plays an important role. The following pararsete Another case in which XRD would fail to detect a growth

have been reported to influence?k significantly: problem is the effect of flipped grains in AIN [3]. Flipped
grains will counteract the actuation of their correctly

- material and orientation of bottom-electrode [1] oriented neighbors and generate “dead” regions (and
- smoothness of bottom-electrode surface potentially strong acoustic losses). 2% flipped graink wi
- chemical surface condition [3] bring down coupling from 6.6% to 6.3%.

Material science groups often present AIN results in terms ofFig. 2 sketches the hexagonal crystal structure of AIN
XRD (X-Ray Diffraction) peak-width “rocking-curve (Wurtzite, class 6mm) in the two possible c-axis
FWHM angle”, it is important to note that a small FWHM configurations. Note that in both configurations hexsdo
angle is a necessary condition for high coupling big fty monolayers of Aluminum and Nitrogen exist and that it is
no means a sufficient condition. Even if XRD shows perfecttherefore not sufficient to start out with the “right” raaal
orientation there can be an amorphous AIN “starting layer’as a first monolayer. What distinguishes the two
on the bottom electrode. The X-ray signal of the amorphousonfigurations is the density of Al — N bonds from thretf
starting layer would be hidden behind the large peakeof t Al monolayer to the Nitrogen atoms above; in the upper
oriented AIN. Amorphous layers between the electrode andpicture the area density of bonds is a factor of threeehigh
the piezolayer harm a resonator badly, the effective couplinghan in the lower picture. In addition it is reasonable to
coefficient of a 2GHz resonator can degrade from 6.6% toassume that the nature of the vertical Al — N bonds is
6.3% as a consequence of an only 30nm thick amorphoudifferent from the three other bonds (Al is a group |
layer. A method to analyze if an amorphous starting layer iselement, N is a group V element). Without offering scientif
present is HR-TEM (High Resolution Transmission Elattro proof for this hypothesis it appears that growing hgghlity
Microscopy). In HR-TEM it is actually possible to image AIN requires a seeding condition that provides the right
atomic lattice planes of AIN, identify the grains and check if number and type of bonds during the initial seed formation
they are correctly aligned. In bad AIN one may also observephase of AIN. Reference [4] discloses amorphous Silicon as
mis-oriented grains of large size which slowly decay thea good candidate to improve AIN quality.

thicker the film grows. In such a case the starting lag/aot

really amorphous but nevertheless it is a dead zone irs term

of coupling and will harm performance badly.

20 nm AIN

Fig. 1: HR-TEM image of AIN on an “as deposited” Tungstettom electrode as disclosed in [4] and [6], showiigahgned
grains in the interface region.



IEEE definition

K = (A fp = 1, 2" order Taylor approx.
4 f, f,
K2g = L T 1% order Taylor approx.
4 f,
2 772 fp - fs « imist's f s
Fig 2a: AIN crystal structure, c-axis pointing upwards Kot = T ; Optimist's favorite
S
f/fs= 1.0284 Kett
IEEE standard 6.63 %
< 2"% order Taylor 6.62 %
1% order Taylor 6.81%
Optimist’s favorite 7.01%

Table 1 shows by how much the four definitions diffardo
good SMR-BAW. { = 1866 MHz and = 1919 MHz.

The IEEE standard definition is fully consistent witie
‘ ‘ .%S results derived for a resonator with infinitely thin elecé®d
- in classical BAW literature [5]. The reason why this
definition is not widely used is the trouble one runw in
when inverting the transcendent function for modeling
Fig. 2b: AIN crystal structure, c-axis pointing downdar purposes. The "9 order Taylor series is a very good
(same as 2a but up-side-down) approximation and should be used as a standard. However
most groups and tool vendors use tfieotder Taylor (or
The most reliable and relevant evaluation %f ks to build a even the “Optimist’'s favorite”) because they show higher
simple BAW resonator that can be RF-probed. From the Svalues for ke
parameter data of resonators, the frequencies of resonandge values achieved in state-of-the-art deposition tools (o
and anti-resonance can be extracted with high accuracytegular basis and as an average over full wafer area) are
Very short leads must be used between the RF-probe padé,; = 6.7% (using |IEEE standard definition) for an
and the actual resonator in order to avoid series inductancg MR-BAW at 2 GHz.
which would result in an overestimation dk Wideband |t should be pointed out that it makes no sense to benkhmar
measurements should always be made to confirm that serigfis number against published data for mono-crystalline AIN.
inductance is negligible. Resonators with strong spuriousThe layer stack and most importantly the electrodes used
modes can be problematic fofek extraction purposes as have a strong influence on coupling and this has ngtto
those may show distorted phase slopes and will intedduc do with the AIN quality. A properly designed layer staek
scatter in the determination of the resonance frequencies. Bnhance coupling [6], a badly designed stack will degrade
is highly recommended to fit a BVD model to the coupling. In addition to this a thin film piezolayer adrally
measurement data rather than just detecting the zercclamped and the d33 parameter of a crystal differs from a
crossings of the phase. thin-film [1].
The value of kg can be straight forward calculated from the Despite the fact that ZnO has in theory a slightly higher
resonance frequency &nd the anti-resonance frequengy f coupling coefficient than AIN it has so far not been
Unfortunately not all groups working in this field ud&  demonstrated as a viable alternative to AIN. The other
same formulas. On a first look the differences are rpbbt  prominent piezomaterial PZT is an interesting material for
one should keep in mind that ifk drops from 6.6% to  MEMS and low frequency devices as it has very high
6.3% it can lower yield from 80% down to zero. The coupling along with extremely high dielectric constant. In
following definitions are used by various groups: the GHz range PZT appears to have too high intrinsic losses
[7]. Moreover the high dielectric constant and low acoustic




velocity would result in extremely small resonators which in Hunting down the loss mechanism that presently limits Q-

turn would make it very hard to control acoustic behavior  values in SMR-BAWSs is on the agenda of many groups.
Attempts to explain part of the losses by lateral acoustic

II) Q-VALUES leakage or lateral redistribution currents in the electrodes

It is a fact that the high Q-values achieved with FBAR were[12] have been published. However it is not proven iat th

a key advantage over SAW in the frequency range up to 2oint in time that losses of this nature limit the Q-eslwe

GHz at the time FBAR emerged on the market. In order forsee in experiments. To my knowledge there is no publitatio

FBAR/BAW to remain competitive against SAW in this about a method that would consistently predict the

frequency range, the Q-values of next generation BAWtheoretical limit for Q for FBAR or SMR.

products must improve significantly. Q = 2000 is a

reasonable target. [II) UNIFORMITY

Most groups working in FBAR/BAW use their own Uniformity of layer thickness across a wafer is one of the

definition of Q-values. While in all cases the Q-value- obvious challenges in FBAR/BAW. Using a Mason-model

definition is related to the impedance-phase-slope of aapproach one can derive the change of resonance frequency

resonator, there are different ways to smooth and avdrage t if a layer thickness is off target. Layer thickness unifoymit

results obtained. Furthermore, the “de-embedding” ofhas been discussed in many publications [13]. There are

electrical losses can change results significantly. many aspects of uniformity that are less obvious and easily

Spurious modes may be present in the surrounding of fescape people’s attention:

and/or f and it is not a good idea to use local derivatives to - uniformity of acoustic parameters (velocity, density) is

calculate Q because that can lead to huge scatter in the Q- equally important to thickness-uniformity.

value data extracted. A fit function based on a BVD model - Uniformity of K across the wafer is related to

can be used to fit the slope before the extraction ofdrig.
In a really good resonator of reasonable size (20 to bhB0 o
impedance level) the phase-slope is steepgriadause the

maximum yield.
Some types of uniformity problems can be fixed by
trimming while others can’t. Some layers deep down in

series resistances of the RF-probes, pads and leads dhvave n
effect at this frequency. Whenever a resonator shows a bad amount but they are important with regard to acoustic
phase-slope af it is most likely an acoustic loss that causes wave dispersion.
this problem. In order to describe a resonator properly one - Uniformity on a small lateral scale is very important. A
would have to define 3 different Q-values: change of layer thickness or material parameters within
- the “acoustic” Qvalue represented by the acoustic one resonator can Kkill resonator performance. Any
branch resistance Ra in Fig.3 unintended change of parameters between the resonators
- Q@f, which includes the series resistange R comprising a filter or between neighboring filters on a
- Q@f, which includes B wafer will cause severe yield losses. No trimming

Ra L C method is able to fix this type of problem.
a
o— — l—-—lr——o

Rs tolerance is somewhat overemphasized, the severity of the
Il — other aspects is clearly underestimated. At this point it is
I worth mentioning that many of the methods used to measure
Co Rs and map thickness are indirect and need very careful
calibration. For transparent layers the standard tool is an
Fig.3 shows the electrical equivalent circuit of a resonatoroptical spectrometer/ellipsometer. It measures thickness very
know as “modified BVD” [8] accurately if refractive index and the optical properties of the
layer underneath are well defined. A change in “optical
In a good resonator ;Ris extremely small or zero and length” is not necessarily related to “acoustical length”.
Q. = Q@f,. The best values reported to date for FBAR are Another example is the thickness measurement of metal
Q>2000 [9] and for SMR-BAW are Q=2500 [10]. layers. The 4-Point-Resistance method is a standard method
The Q-values of SMR-BAWSs were extremely poor until the in many IC fabs. The result of the measurement is the
discovery was made by Infineon’s BAW group in year 2000 “Rsquare Of @ metal layer which is inversely proportional to
that shear waves generated as a by-product of thicknedgbickness. The conductivity is a calibration parameter. It is
expansional vibration will leak out through the bottom wrong to assume that conductivity is in any way related to
reflector [11]. Up to this point in time reflectors weneilb the acoustic properties of the film. There is no way to
from quarter wavelength thick layers of high- and low- distinguish if a change in Raeis related to a thickness
impedance materials. After changing this to fix the domntinan changes or if conductivity has changed. The 4-Point-
loss mechanism by modifying the reflector to work bath f Resistance method is not suited to verify the uniformfty o
the longitudinal and the shear wave, the Q-values jumpednetal layers for BAW. A somewhat better way to measure
from below 700 to above 1300 without any other conatirre thickness is XRF (X-Ray Fluorescence). The calibration
changes. parameter is density and the assumption is that alloy

the stack do not change frequency by a significant

While thickness uniformity, as it concerns frequency




composition does not change. Thin and heavy layers can be can be obtained is very limited because suitable layers
measured with XRF quite well but it is not possible to (SiO, or SEN4) have a low mass density and low etch
measure multilayer stacks. The king of metrology methods  rate. In general dielectric layers show excellent
for FBAR/BAW is Femtosecond Laser-Pulse Sonar. The reproducibility of trimming rate. The drawback of
tool measures acoustic delay time(s) of layer(s) and directly  dielectric layers is that their presence generally degrades
extracts the parameters needed for a Mason model. Even if coupling coefficient without contributing to the
the calibration parameter “acoustic velocity” is slightly off, conductivity of the electrode. The maximum thickness
the error will, to a large extent, self-correct when calcujatin of a dielectric layer is determined by how much margin,
the frequency. One of the nice features of this method is the in coupling coefficient, a filter has.

small spot size (10 .. 20m) and the capability to measure

multi-layers in one shot. V) SPURIOUS MODES
Spurious modes are related to lateral standing waves in a
IV) TRIMMING BAW or FBAR resonator. Only a very tiny amount of

A typical PCS duplexer spec requires hitting a frequencyspurious ripple is acceptable in filters with stringent
target accurately to +1 MHz, which is equivalent to +0.05% amplitude ripple and group delay ripple specs. Moreover the
relative error. Accordingly the layer thickness, acoustic presence of spurious modes usually goes along with
velocity and density of several layers would have to bedegraded Q-values. There are different ways to fight
accurate to +0.02% each. There is no hope to achieve suchspurious modes in FBARs and in SMRs. For SMRs it is
high accuracy “as deposited”. As a consequence frequencgertain that pronounced spurious modes will show up when
trimming is one of the key processes in FBAR/BAW. Run- the Q-values exceed 1000 (regardless of resonator shape)
to-run variations can be corrected by feed-forward cbofro and they will be really bad at Q = 1500. At Q<1000 most
deposition thickness. However correction of uniformity spurious modes will be strongly damped which smears them
errors requires “localized processing”. Off-the-shelf out over a larger frequency range. In fact the vibrations
trimming tools for BAW and SAW are now available and associated with these modes can be a major source of energy
they are all based on local lon-beam etching. A very narrowloss. In order to achieve higher Q-values, those lossess m
lon-beam is scanned over the wafer surface at a controlletie confined and as a consequence the modes by themselves
speed which determines the local removal that occurs [14]. will become more pronounced. The theory behind spurious
The challenge in trimming is to choose the right stspateg modes and the methods for their suppression have been
Trimming for volume production is a balancing act betweendiscussed in detail in [15, 16, 17].
accuracy and throughput. The input data for trimming comesAs a precondition for the above referenced “border ring”
from mapping the thickness and/or frequency. The mappingoncept, the dispersion relationship of the layer stack must
grid must satisfy Shannon’s sampling theorem in bothbe of “type I”. This must be kept in mind while optimizing
coordinate directions. The size and shape of the ion-beam ithe acoustic reflector stack to provide high reflectivity for
a very important parameter which determines the maximaunipoth longitudinal and shear waves as mentioned above. In
frequency gradient the tool can handle. Small diameterfact this limits the freedom in designing an acoustic redtect
beams allow very large gradients but tend to have a very lovgignificantly.
volume etch rate which results in very long processing times.
The stability of the beam shape over a long time is crucialVl) TEMPERATURE COEFFICIENT
for the accuracy the tool will achieve. FBARs are slightly better in terms of temperature dniént
The topmost layer from which the lon-beam is supposed taconventional SAWSs, but not by much. SAWs, based on
removes material must be chosen considering the followind_iTaOs, have a typical TCF of -39 ppm/K, while FBARs can
parameters: achieve around -30 ppm/K on average. SMRs on the other
- Trimming into heavy layers allows very high hand side utilize the inverted temperature behavior of
throughput but there are limitations in accuracy. Even at(amorphous) Si® to obtain partial compensation of the
maximum scanning speed, the frequency shift can baemperature drift of the other materials. The Young's
larger than desired on certain spots on the wafer. Thenodulus of SiQ increases as temperature goes up [18]. In
maximum speed and acceleration of the mechanicabddition the thermal expansion coefficient is very small. An
scanning system can accommodate is an importanBMR fulfiling the above mentioned conditions for
parameter for such a case. dispersion type and utilizing a shear wave optimized
- Metal layers may grow a native oxide layer in air. The reflector can have a TCF as low as -19 ppm/K [19]. In the
thickness of this layer is not predictable. In most casesnost demanding duplexer applications, a low TCF is
this native oxide exhibits a different etch rate than theextremely important as it allows achieving spec-compliance
metal below. This results in strong nonlinear behavior i over a wider range of temperatures. Moreover a low TCF
the dose versus removal curve. The worst materials tdelps to avoid thermal runaway (a situation where self-
trim are Al alloys. AJO; etches factor 5 slower than the heating shifts the filter down and losses at the upper
Al below. passband edge increase which in turn enhances self-heating,
- Dielectric materials are well suited to trim very and so on) [20].
accurately. On the other hand, the frequency shift that



It is possible to further improve TCF in SMRs by incieg are a strongly nonlinear function of distance. This effect
the SiQ content and by moving the Si®loser to the high  described by the'8order elastic constants of a material. In
stress regions in the stack. SMRs with essentially ze® TC addition to that the piezoelectric constants change as the
have been reported [21]. All of these approaches hagm k crystal deforms. It should not come as a total surprise that
massively and can only be used for filters and resonatorshe elastic constants of a material are modulated by strain
with small fractional bandwidth. In order to have a zer&-TC generated by large voltage swings at high RF-power levels
one would have to accept.k of an SMR resonator below or by bias voltages. To my knowledge no complete theory

4%. about the nonlinear behavior of AIN based BAW resonators
has been published.
VII) PASSIVATION LAYER There are known tricks to improve the linearity of BAW

The purpose of a passivation layer is to protect thefilters. Cascading of two double sized resonators to replace
resonators from detrimental effects caused by humidity orone resonator in a filter is one of them, however thisots
corrosive fluids. Whether they are required or not has hee possible for all resonators in a filter as it would incretage
topic of heated discussions. This question can only besize of a BAW by a factor of 4. Other tricks involve perti
answered after reviewing the packaging options andcompensation of harmonic tones.

preferences for FBAR/BAW.

The main challenge of passivation layers for BAW-SMRs atX) PACKAGING.

high frequencies is that, for acoustical reasons, one can ndthe fact that BAW filters can be processed on Silicon
choose layers as thick as in traditional IC processes. Whilavafers is a big advantage for packaging. Silicon is much
IC process typically use a combination of 300nm,Si@h easier to handle than Lithium Tantalate or other piezo
300nm SiN4 on top, the maximum thickness for an SMR at materials SAW filters are typically made from. Silicon is
2GHz is less than 100nm (or else thg klegrades badly). It inherently stronger and less fragile, moreover it can be
is possible to deposit a pin-hole free layer of that thiskne temperature ramped at a high rate which is a significant

This layer can also serve as a “trimming layer”. advantage over SAW. The thermal expansion coefficient of
Silicon is small and isotropic and the heat conductivity is
VIII) POWER HANDLING excellent.

FBAR/BAW devices endure higher power levels better thanFBARs and BAWSs need a cavity above the top electrode
SAWSs mainly because the electrical currents distribute morevhich was also true for all SAW filters until the recent
evenly. There are no narrow IDT fingers like in SAW whic introduction of Boundary-Wave-Acoustic Devices [24].
are prone to electromigration damage. Even though thdroviding this cavity in a cost efficient way is a key fo
minimum feature size of BAW is much larger, the current commercial success in consumer markets. The method of
densities can be enormous. For a BAW at 32dB transmichoice is to use a Wafer-Level-Packaging (WLP) approach
power at the upper passband skirt (worst case scenagio) thin which the cavities are created in a batch process. FBAR
following observation has been made. Depending on thd25] and BAW WLPs [26] are in volume production and
electrode materials used the combined effect of currentletails are published. [25] describes a process using wafer-
density and mechanical stress will cause the electrodé®onding with a hermetic seal while [26] uses a polymer
material to migrate and form rough regions on the respnatobuild-up approach which is not hermetic. The non-hermetic
surface. The losses of that resonator will increase andlso w approach is potentially lower in cost but requires perfectly
the temperature of the resonator. As migration effects followpassivated resonators which do not corrode in a humid
an Arrhenius type law with temperature, the damageenvironment. Passivation is much easier to apply to BAW-
accelerates and the resonator will self-destroy withinSMR than to FBAR because there is no bottom cavity. For
minutes. The power handling of BAWs is a strong fumctio BAW-SMR a pin-hole free protection layer on the top
of the ambient temperature as suggested by the Arrheniusurface is sufficient.

law. It is very important to keep the filter chip as calsl

possible, therefore it is necessary to provide a good héat sisSUMMARY

The key to excellent power handling is to improve the The market share that FBAR/BAW will be able to gather is
electro- and stress-migration properties of the weakestargely dependent on how well they support RF-integnatio
material involved. This is an exercise the SAW vendorghav It is a clear trend in the wireless industry that companies
successfully completed during the last years [22]. Significantbuilding phones want to source functional blocks and
material research activities will be required to find an modules rather than discrete filters. For the phone

optimum solution for BAW. manufacturer the filters are invisible; it is the supplier's
responsibility to make filters and active components work
IX) NON-LINEARITIES together smoothly. The determining factor will be whether

The discovery of nonlinear behavior in BAW and FBAR SAW or FBAR/BAW will provide a more cost competitive
was first reported in 2005 [20]. It has long been knohat solution that meets the necessary performance level.
solids exhibit nonlinear stress-strain relationships igh h

stress levels [23]. The binding forces of the atoms in iadatt



THE “SEVEN DEADLY SINS”
(AND HOW MANAGERS CAN AVOID THEM)

LUXURIA (extravagance)
Choose your target markets and applications wisely.

GULA (gluttony)
Don't build more capacity than you can fill.

AVARITIA (greed)

Don't be “penny wise and pound foolish”; don't try to

save money in the wrong place.

ACEDIA (dloth)
Not applicable. Eningeers don’t have this bad habit.

IRA (wrath)

Engineers do their best to meet your aggressive

schedules; don’'t demand miracles.

INVIDIA (envy)
Don't think your competitors were just lucky.

SUPERBIA (pride)

Know what SAW is capable of doing and what your

competitors are up to.
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Abstract — This paper describes the development of an air-gap
type FBAR filter, fabricated using a thin sacrificed layer on a flat
substrate. We focused development on the cost reduction of the
wafer process. The formation of an air gap with a dome shape
between the substrate surface and the bottom electrode is verified
by both the simulation and experimental result and the possibility
of the air-gap type FBAR structure is confirmed. Even if a thin
sacrificed layer is used, the air gap can be formed on the flat
substrate via stress control. Consequently, the Q-factor at the
resonance, anti-resonance, and the effective k? were obtained as
1500, 1100, and 7.2 % at the 2-GHz range, respectively. The W-
CDMA duplexer is designed using the proposed air-gap type
FBAR filters in a 3.0 x 2.5 x 0.7 mm® ceramic package. The
insertion losses are as small as 1.2 dB and 1.5 dB in the Tx and the
Rx bands.

I. INTRODUCTION

The study of thin film Bulk Acoustic Wave (BAW)
technology is advanced as a filter device that plays a key role
in broadband mobile communication systems [1, 2]. The BAW
devices have several merits such as their high Q-factor,
excellent electric power durability, and the possibility of
integration with active devices by using the Si substrate
compared to commercially widespread SAW devices. In
various applications, the Wideband Code Division Multiple
Access (W-CDMA) system requires an extremely low
insertion loss, in other words, the demand for BAW devices
becomes inevitable.

The BAW device includes a laminated structure, which
consists of a top electrode film, a piezoelectric film, and a
bottom electrode film. The laminated structure is formed on a
substrate. In BAW device configurations, two structures are
proposed in order to prevent acoustic emission into the
substrate. The first is the membrane type, which creates a
cavity by using Micro Electro Mechanical Systems (MEMS)
fabrication under a bottom electrode. The other is the acoustic-
mirror type, which installs an acoustic reflector consisting of
multi layer films under a bottom electrode. The former is called
a Film Bulk Acoustic Resonator (FBAR) [1], while the latter is
called a Solidly Mounted Resonator (SMR) [2]. In general, the
FBAR configuration, in which the resonator is isolated
acoustically by the air gap, has the obvious advantage of better
energy confinement compared with the SMR.

We have developed AIN film-based FBAR filters employing
resonator configuration with a vertical via-hole, fabricated
using deep-RIE technology [3]. We have also studied the
properties of ruthenium (Ru) to be suitable for use as an
electrode material [4], and proposed an AIN just-etched FBAR
structure to reduce the lateral-leakage of acoustic waves and
enhanced FBAR performance [5]. We recognize that not only
development to improve the resonant characteristics but also
the realization of a cost effective process, which leads to the
supply of a low-cost device, is significant in terms of spread of
the FBAR within the 2-GHz range system, which is occupied
by the SAW filters.

We propose an air-gap type FBAR filter, fabricated using a
thin sacrificed layer on a flat substrate in this paper. The air
gap is formed under a bottom electrode by utilizing the stress
of the film, which is an FBAR composition. We believe that
the process involved in constructing this structure is cost-
effective.

Il. STRUCTURE OF THE AIR GAP

There are mainly two procedures used to form the air gap
under a bottom electrode, which is the main feature of FBAR,
as shown in Figure 1. Figure 1(a) shows the cross-sectional
structure of FBAR with a cavity. The outline of the wafer
process is as follows. The first step involves the cavity being
formed and filled with the thick sacrificed layer. In the second
step, the substrate surface is polished smoothly using chemical
mechanical polishing technology. The third step sees the
bottom electrode film, the piezoelectric film, and the top
electrode film each stacked and patterned before finally, the
sacrificed layer is etched to form the cavity. Figure 1(b) shows
another structure with a vertical via-hole, which is formed at
the final step. The method of fabricating a vertical via-hole
involves etching a Si substrate from the rear side, using deep-
RIE technology. The MEMS process technologies are used in
both structures. As we mentioned above, the former structure
contains several steps used to form the air gap. Alternatively,
the latter incorporates a simple process, but includes
photolithography and processing on the rear side of the
substrate with high accuracy. Consequently, a relatively high
production cost may be required. Of course, not all structures
have problems relating to features for practical use.
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Air gap

Bottom electrode
(a) Cavity type (b) Via-hole type
Fig. 1 Conventional structure of FBARSs (side view).

We understand that constructing a simple structure with an
easy process is important for cost reduction. With this concept
in mind, we propose a simple procedure to form a dome-
shaped air gap, as shown in Figure 2. This features a slight air
gap, formed under a bottom electrode and fabricated using a
thin sacrificed layer, with the procedure summarized in Figure
3. The outline of the wafer process is as follows. In the first
step, a thin sacrificed layer is formed on a flat substrate of a Si
wafer. Other materials such as the glass can be used as a
substrate. Next, the sacrificed layer is patterned into a desirable

shape by photolithography and etched, as shown in Figure 3(a).

Subsequently, the bottom electrode film, piezoelectric film,
and top electrode film are sequentially formed by sputtering.
Compressive stress is applied to the laminated structure by
controlling the sputtering condition. Each layer is patterned
into a desirable shape by photolithography and etched, as
shown in Figure 3(b). An overlapping region of the top and
bottom electrodes through the piezoelectric film is ellipse-
shaped to avoid unwanted resonances of lateral modes. The
sacrificed layer has a patterned shape, similar to the shape of
the overlapping region of the top and bottom electrodes. In the
final step, the sacrificed layer is etched and removed.
Subsequently, the compressive stress acts within the laminated
structure, which consists of the bottom electrode, the
piezoelectric film, and the top electrode. As a result, the
laminated structure expands upward and a dome-shaped air
gap is formed. The key point of development is to ensure that
this air gap is formed effectively because there is a fear of
sticking if only deleting the sacrificed layer. In order to avoid
the sticking problem, a thick sacrificed layer is usually
prepared. However, the quality of the AIN film represented by
full width at half maximum of the rocking curve, which is one
of the most important factors in determining the FBAR
performance characteristics, is expected to be deteriorated
because the surface roughness of the sacrificed layer loses its
smoothness.

Top electrode

AIN
Bottom electrode

Air gap

Si
Fig. 2 Structure of proposed air-gap type FBAR.

.—— Sacrificed layer

Si
(a) Sacrificed layer formation
Top electrode

AIN
Bottom electrode

(b) Each layer of FBAR is stacked and patterned

Air gap

(c) Air gap formation
Fig. 3 Fabrication processes of air-gap type FBAR.

I1l.  SIMULATION

The possibility of the air gap formation with the thin
sacrificed layer was examined. We simulated the three-
dimensional shapes of the membrane that was obtained when
the stress of each film, bottom electrode, piezoelectric film,
and top electrode was changed by using the finite element
method. Figure 4 shows the air-gap type FBAR structure used
for the simulation. The region where the top and bottom
electrodes overlap is ellipse-shaped, with dimensions of 250
um for the long axis and 180 um for the short axis, respectively.
The relationships between the maximum membrane height and
the film stress are as shown in Figure 5. Here, the film
thickness of the sacrificed layer is assumed to be several ten
nm, and the top and bottom electrodes are equal in terms of
film thickness and stress. It is clear that the height of the
membrane has risen as the compressive stress of either the
electrode film or piezoelectric film increases. In addition, it is
remarkable to see a high air gap obtained compared with the
film thickness of the sacrificed layer.

Top electrode

Si

AIN

Bottom electrode

Fig. 4 Simulation model for the air-gap type FBAR.



A membrane shape of the simulation result is shown in
Figure 6(a). Figure 6(b) is a cross-sectional view taken along a
line A-A’ in Figure 6(a). The displacement magnitude in the
direction of height is shown by a contour line. We confirmed
that a dome-shaped air gap was successfully formed under a
bottom electrode. It is understood that the maximum
displacement part shifts to the bottom electrode side. We
confirmed that an air gap could be formed by the stress control
through the structural examination and the simulation.
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Fig. 5 Simulated maximum membrane height.
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Fig. 6 Membrane shape from simulation result.
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IV. EXPERIMENT

We fabricated an air-gap type FBAR in order to prove our
concept. Ru and AIN were chosen as the electrode and
piezoelectric materials, respectively. Each film was deposited
via sputtering with different sputtering pressure to control the
film stress. This technique is often used and is not special.

Figure 7 is a micrograph of the air-gap type FBAR.

The three-dimensional measurement result of membrane
shape is shown in Figure 8. Figure 8(a) is a top view of the
contour line, while Figure 8(b) is a cross-sectional view taken
along a line B-B’ in Figure 8(a). It is understood that the actual
sample shape corresponds well to the simulation result.

Top electrode Active area

Bottom electrode

Fig. 7 Micrograph of top view of the air-gap type FBAR.
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(b) Cross-sectional view
Fig. 8 Measurement result of membrane shape.

Figure 9 shows the result of examining the influence of the
film stress on the maximum height of the membrane. Here, the
top and bottom electrodes are equal in terms of film thickness
and stress applied, the latter of which is about -1 GPa. The
stress to which the AIN film is subject meanwhile, is about -
170, -200, and -230 MPa, respectively. It was clarified that the
height of the membrane is dependent on the magnitude of the
compressive stress. This tendency corresponds well to the
simulation result. The possibility of the air-gap process is
confirmed by both the simulation and the experiment,
simultaneously. An appropriate film stress enables us to



achieve high production reproducibility.

We discuss electrical performances. Figure 10 shows the Q-
circle of 2-GHz FBAR, with the air-gap and via-hole types
compared. The solid and broken lines indicate the air-gap and
the via-hole type FBAR, respectively. We confirmed that the
same characteristics could be obtained for both types of FBAR.
The measured data was fitted to a Modified Butterworth-Van
Dyke (MBVD) model [6]. The extracted resonator parameters
are the loaded Q-factor of 1500 at the resonance, 1100 at the
anti-resonance, and the effective k® of 7.2 %, respectively. The
advantage of the air-gap type FBAR was indeed confirmed.

Finally, the application example is presented. The W-
CDMA duplexer was designed by using air-gap type FBAR
filters. The air-gap type Tx and Rx filters are mounted in a 3.0
X 2.5 x 0.7 mm® ceramic package. Figure 11 shows the
measured frequency responses. The insertion losses of the Tx
and Rx filters were 1.2 dB and 1.5 dB, respectively. Thus, we
successfully developed a competent air-gap type FBAR filter
for the W-CDMA duplexer.
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Fig. 9 Measured maximum membrane height.
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Fig. 10 Q-circle of fabricated 2-GHz FBAR.
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Fig. 11 Frequency response of W-CDMA duplexer.

V. CONCLUSION

We proposed an air-gap type FBAR filter, fabricated using a
thin sacrificed layer on a flat substrate. We evaluated the
suitability of this structure for the cost reduction of process. In
order to form an air gap, we investigated the influence of the
film stress, which is applied to the top electrode film,
piezoelectric film, and bottom electrode film, respectively.
Consequently, it was confirmed that the compressive stress of
each film was significant to form the air gap via the simulation
and experiment. The excellent characteristic could be verified,
even if using a process that was suitable for the cost reduction.
The Q-factor at the resonance, anti-resonance, and the effective
k? were obtained at values of 1500, 1100, and 7.2 % within the
2-GHz range, respectively. We successfully developed a W-
CDMA FBAR duplexer based on this structure with insertion
losses of 1.2 dB and 1.5 dB in the Tx and the Rx bands.
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Abstract — During the last years the progressing integration of
low-noise amplifiers into the transceiver chipset has driven the
demand for (W-)CDMA duplexers that provide a balanced
output signal at the receive port. Surface acoustic wave (SAW)
filters can provide this mode-conversion functionality without
any increase in processing complexity, however, for the closely
separated receive and transmit bands of US-PCS (Band II) the
steep roll-off and demanding power handling requirements make
the design of a pure SAW based PCS duplexer not straight
forward. On the other hand, bulk acoustic wave (BAW) devices
have over the last couple of years proven their strength in
particularly these disciplines. In this paper we present a hybrid
SAW/BAW PCS duplexer that combines the mode-conversion
properties of SAW with the steep skirts and superior power-
handling capabilities of BAW filters. Both acoustic components
have been integrated on a 3.0x2.5mm? LTCC substrate in which
all the necessary matching components have been embedded.

Keywords — CDMA Duplexer, BAW, SAW, Mode Conversion

I INTRODUCTION

During the last decade the demand for ever smaller yet
more capable mobile phone handsets has led to a dramatic
reduction in both the size as well as the functionality of the
various components on the circuit board. In many cases, this
has made the development of new technologies necessary.
One example for this is the antenna duplexer in CDMA
telephone systems. This component serves as a passive cross-
over network that directs RF-signals from the power amplifier
(in the transmit or so called TX path) to the antenna while at
the same time incoming signals from the antenna are directed
to the low-noise amplifier (in the receive or RX path). The RX
and TX paths use distinct but close-by frequency ranges that
allow the simultaneous up- and downlink of RF-signals to and
from the base station. The huge difference in the power level
of the received and transmitted signals of up to 120dB leads to
very demanding requirements on signal isolation, near-by
selection, insertion loss and power durability of the duplexer.
The basic building blocks of any duplexer are therefore two
high-quality band-pass filters for the RX and TX frequency
bands, respectively, and a proper matching network between
them and the antenna.

One of the most demanding frequency bands for duplexers
is the US-PCS or WCDMA Band II with its narrow gap of

only 20MHz between the TX (1850-1910 MHz) and RX bands
(1930-1990MHz). Until recently, the large temperature coeffi-
cient of high-coupling SAW substrates (like lithium tantalate
or even worse lithium niobate) made this application inacces-
sible for SAW based filter solutions.

Until the end of the ninetieth, the only technology that
was able to fulfil the demanding PCS specifications with an
acceptable size for mobile handsets have been ceramic
resonator type components. They make use of electromagnetic
resonances (cavity modes) and are therefore quite large.

Around 2000, the first bulk acoustic wave based PCS
duplexer components emerged [1] and showed due to the
excellent quality factor of the BAW resonators a similar
performance to ceramic components. Even though their
footprint was initially not much smaller than the one of their
ceramic counterparts they soon gained market share because
of their significantly lower overall height of <2mm. In the
mean time the size of these components has been systematical-
ly reduced to 3.8x3.8x1.3mm?3 for high-volume applications
and first data of duplexers with even smaller sizes have been
presented [2]. At present, BAW PCS duplexers have more or
less completely replaced ceramic duplexers in CDMA mobile
phone handsets.

II. MODE-CONVERTING DUPLEXERS

The upcoming integration of low-noise amplifiers into the
transceiver chipset and a trend towards cheaper CMOS based
front-end architectures has created a strong demand for mode-
converting filtering and duplexing components. If the single-
balanced conversion is done in the traditional way (i.e., using
a balun, e.g., in the form of a transformer) then there are
basically two points where the balun can be positioned: either
between the common TX/RX feed to the antenna and the RX
filter (which in this case must then be a balanced-balanced
type filter) or after the (single mode) RX filter. In the first
case, the balun is an integral part of the duplexer and
particularly of the intricate matching network between the RX
and TX filters. It therefore needs to be carefully designed and
matched into the system. In the second case, the design of the
balun is somewhat more simple because it acts only as the
mode- (and possibly impedance-) converting unit in a chain of



matched RF-components. However, in both cases discussed
above, the conversion of the signal mode is linked with a
signal loss due to mismatch and intrinsic losses in the balun.

A smart way of avoiding these balancing losses is the use
of mode-converting band-pass filters. Both bulk acoustic as
well as surface acoustic wave components provide this option,
however, with significantly different impact on the design
and/or manufacturing complexity. Whereas the signal
balancing in SAW is established “simply” by wiring the
various resonators and DMS (Double Mode SAW) tracks in an
appropriate way, the mode-converting stacked crystal filters
(SCF) or coupled resonator filters (CRF) necessitate the
manufacturing of two properly coupled BAW resonators on
top of each other [3-5]. This more or less doubles the
photolithographic mask count, increases process complexity
and poses significant challenges to the trimming strategy for
these devices.

Since we at EPCOS are in the position of having both
SAW and BAW filter technologies in-house, we chose to
follow the way of a hybrid integration of a mode-converting
SAW RX and a single-ended BAW TX filters. The integration
platform is our Chip-Scale SAW Packaging (CSSP) line [6],
which is based on a low-temperature co-fired ceramic (LTCC)
carrier. The advantage of this material is that the various
matching components needed for a proper matching of the two
filters can be embedded with excellent quality and good
reproducibility in the LTCC.

III. MODE-CONVERTING SAW RX-FILTER

The design challenge for the Band II RX SAW filter lies
particularly in the steep roll-off requirements especially on the
low-frequency filter skirt. Due to the larger temperature
coefficient of frequency (TCF) of -35ppm/K for uncompen-
sated lithium tantalate (LT) based SAW resonators a larger
safety margin to the passband edge is required. Fortunately,
this situation is somewhat relieved at the low-frequency
passband edge because the filter insertion loss improves for
lower temperatures. This means that for lower operation
temperatures the filter characteristic does shift upwards in
frequency, but at the same time also shifts to lower insertion
losses. This results in an “effective TCF” for the lower filter
edge that can be significantly smaller than the intrinsic one.

In our design approach a standard LT SAW production
process without additional expenses for the reduction of the
temperature coefficient of frequency was used. The remaining
effective temperature frequency drift and required manu-
facturing margins necessitate a steep filter skirt (from -3.5dB
to -50dB) of better than approx. 12MHz. Further requirements
for the RX filter of this duplexer are the transformation of the
single-ended input signal to balanced mode at the output and
sufficient power durability in the frequency range of the
transmission band. In order to fulfill this variety of demands a

combination of DMS filter and reactance filter was chosen.
The balun functionality is realized by a SIDT DMS track at the
output. This design technique aids in the creation of a steep
skirt of the RX filter and leads in general to excellent
wideband behavior. The drawback of a somewhat limited
power durability is compensated by adding several resonator
structures at the antenna side. In order to achieve a good
manufacturing stability all IDT (Inter Digital Transducer)
finger structures are processed within one metallization layer
of an Al-Cu sandwich structure. This electrode system allows
a good insertion loss and a steep and stable skirt due to a low
IDT finger resistance. The resulting limitations with respect to
power durability for this metallization type were solved by
optimizing the size of the resonator structures.

IV. SINGLE-ENDED BAW TX FILTER

We have already mentioned above, that BAW filters are
currently the dominant filter technology for Band II duplexers.
The advantages of using a BAW filter in the TX path are in
particular:
® Good power handling capability: With respect to TX self-

heating, the worst-case situation arises with a RF-signal
transmission at the uppermost TX channel with a maximum
radiated power of 500mW at the antenna and a typical
signal attenuation of 3dB. In this case, the dissipated power
in the BAW filter can be several hundred milliwatts. These
power levels can be readily handled with BAW resonators,
given that the resonator areas are appropriately designed and
the filter die is properly connected to the circuit board via a
heat sink. The reason for this lies in the large and robust
electrode design of bulk resonators.

e Steep filter skirts: Even though the (intrinsic) TCF of AIN-
based BAW filters in typically better than -20ppm/K the
high-frequency shoulder suffers from the opposite effect as
the low-frequency shoulder (c.f. the discussion in paragraph
III). In this case now leads an increase in operation
temperature to a downwards shift in frequency of the TX
filter curve while at the same time the insertion loss
increases. A proper design of the high-frequency filter
shoulder with the goal of low insertion loss and steep roll-
off is therefore extremely important.

e Low insertion loss: The higher quality factors of BAW
resonators allow a somewhat lower insertion loss of the TX
filter. Since the attenuation of the filter contributes a
significant part to the losses in the TX path any
improvement in filter attenuation translates directly into
longer operating time of the mobile phone.

The design of the BAW filter is a ladder type with four
series and three shunt resonator sections. In order to improve
the power handling capability of the filter, all the series
resonators have been doubled-up. The BAW technology used
to manufacture the filter is a solidly mounted resonator (SMR)
type process with AIN as the piezoelectric layer as described
in [7].



V. CSSPLUS PACKAGE

As already mentioned above, the packaging of the two
filter dies is done with EPCOS’ proprietary CSSP process in
its second development step, called CSSPlus. This packaging
technology has proven over the last six year to be very
reliable, scaleable, and most suitable high volume production.
In addition, with advanced multi-domain simulation tech-
niques (acoustic and electromagnetic, c.f. [8]), the number of
redesign cycles has been significantly reduced over the last
years and that has brought us significantly closer to a “first-
time-right” design strategy. Note that the results presented
here correspond to a part from the very first demonstrator run.

For the purpose of packaging, both acoustic dies are flip-
chip mounted onto the LTCC carrier in which all necessary
matching components have been integrated. The solder bumps
are provided on the LTCC side by screen-printing. Please note
that the pick-and-place during flip-chip assembly is the only
sequential production step involved during the manufacturing
process of the duplexer. After the reflow of the solder joints, a
protective polymer foil is laminated over the dies and pat-
terned using a laser. The package is then hermetically sealed
by sputtering a plating base over the foil and galvanically rein-
forcing the metallic sealing. The duplexers are finally separa-
ted by sawing the LTCC panel. The final overall height of the
duplexer is 1.3mm.

VI. DUPLEXER PERFORMANCE

The measured characteristics of the 3.0x2.5mm? mode-con-
verting PCS CDMA duplexer are shown below. The specs
shown are EPCOS-internal design goals. The part has been
measured on a PCB with a soldered 15nH coil at the RX bal-
anced port. The first two figures depict the TX and RX filter
functions. The in-band attenuation is quite good over most of
the passband, even though some adjustment of the centre fre-
quency position of both the TX and RX filter is necessary.
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Fig. 2: Zoom-in on Fig.I to show the in-band attenuation

The TX-RX-isolation shown in Fig.3 is also excellent,
particularly over the TX band. A moderate increase in the
stopband attenuation of the TX filter should improve both the
TX rejection as well as the isolation at the RX high-channel.
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Fig. 3: TX-RX isolation

Fig. 4 shows the RX and TX reflection curves. They do
not yet fulfil the return loss goal of -10dB. However, this is
mostly due to somewhat off-target impedance levels of the
filter dies. By redesigning the resonator areas and — if
necessary — optimizing the internal matching components in
the LTCC a return loss of better than -10dB is feasible.
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Fig. 4: TX (red) and RX (blue) matching curves
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Fig. 5: Wideband insertion attenuation

The wideband behaviour (c.f. Fig.5) is also very good.
Only the 2"-harmonic suppression at 3.8GHz needs some
optimization. And finally, the symmetry of the mode
conversion at the RX port is shown in Figs. 6 and 7. The
signal symmetry meets the design goal of better than +/-1dB
and the phase symmetry is better than +/-10 degree over the
whole PCS band.
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Fig. 6: Amplitude symmetry of balanced signal at RX port

VII. CONCLUSION

We have presented a 3.0x2.5x1.3mm3 fully matched
mode-converting US-PCS CDMA duplexer based on the
hybrid integration of a mode-converting SAW RX filter and a
single-ended BAW TX filter. The integration platform is
LTCC, in which all the necessary matching components have
been embedded. Already the first samples from the
demonstrator run show an electrical performance that fulfils in
most parameters the design goals. The next steps in the
commercialization of this component (besides a redesign to
finally meet the electrical specifications) will be an intensive
quality testing of the parts (humidity storage, high-power,
temperature cycling, etc.) and a characterization with respect
to non-linear behaviour.
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Fig. 6: Phase symmetry of balanced signal at RX port

Last but not least, we would like to mention, that the
presented hybrid SAW/BAW integration strategy is of course
not limited to fully matched single-duplexers but can also be
implemented in more sophisticated components like
quintplexers, PAiD or full RF front-end modules [9].
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Wafer Level Packaging (WLP) of FBAR Filters

Rich Ruby & Lexie Kekoa

Avago Technologies Inc.

Abgract — Although Wafer Level Packaging (WLP) was
first introduced in the 1980's, the first publication
describing WLP for FBAR and BAW devices was in 1999 [1].
In 2002, Agilent/Avago published their version of WLP to
create microcapped FBAR devices [2]. And in 2004, Infineon
described their version of microcapped BAW devices [3,4]. We
describe some of the hermeticity tests and STRIFE tests
developed for the evaluation of the microcapped FBAR filters.

I. INTRODUCTION

Microcapped FBAR filters first appeared in the literature
in 2002 and found their way into cell phones a year later.
Their introduction into high volume commercia products
was a paradigm shift in the packaging of moisture sensitive
devices. Until 2003, devices such as SAW resonators and
filters, BAW resonators and filters and Quartz crystal
resonators were packaged in ceramic packages. The lid was
constructed of either a ceramic or metal material and was
typically sealed to the package viaa seam sealing technique
or soldering technique to create a hermetic, highly moisture
resistant, environment. The electrical leads were brought
out through the ceramic package. Motivation for making
microcapped wafers was explained in an earlier paper [5].

1. TYPES OF WLP FOR FBAR AND BAW DEVICES

At the time of this writing, there are two companies
selling BAW or FBAR devicesusing WLP in high volume —
Infineon and Avago. The former company utilizes an
organic seal, SU8, a negative, epoxy -type, photosensitive
resist [6] that is extremely viscous and when applied to the
wafer and patterned and cured leavestall well-defined walls.
In the “Infineon” process, the BAW device (athin film bulk
resonator —or FBAR — is deposited and formed on a stack
of matched dielectric and metal layers that form a Bragg
reflector). After the BAW device has been processed, a
thick layer of SU8 is applied, patterned and partially cured.
It is the Author’s understanding that the wafer is then
singulated, pick & placed onto a daughter board where the
device pads are connected by wire bonds to pads on the
daughter board. A silicon lid is then placed on top of the
dlightly sticky SU8 and more heat is applied to form a
stronger attachment between the SU8 walls and the silicon
lid.

Strictly speaking thisis not Wafer Level Packaging. Only
the walls are formed “en masse” while the devices are in
wafer form. A newer generation Infineon process utilizes a
sacrificial material to be placed on top of the BAW devices
such that a SU8 layer can be placed on top, thus creating a
protected region. This newer process is truly a WLP
process. However, it is unknown to the Authors if this
technique isin high volume manufacturing.

The Avago (previously Agilent and HP) approach is
different and is a true WLP technique. Rather than using an
organic epoxy as the bond, we use a“cold weld” technique
using a high-pressure, high-temperature, wafer-to-wafer
bond process to attach two wafers together and form a
hermetic seal between the two wafers. The use of silicon as
the “cap” wafer allows us to take advantage of the
tremendous contributions from the MEMS field including
deep silicon etching with high aspect walls and other
MEMs techniques. In particular, using commercialy
available deep silicon etchers allow vias to be formed
through the cap wafer.

There are several advantages inherent to this wafer-to-
wafer bonding approach: 1) produce a high volume reliable,
robust hermetic seal, 2) the ability to reduce chip area by
“folding” the pads for the wire bonds back into the center
of the device, and 3) the ability to integrate both passive
and active devicesinto thelid.

Since both the Infineon and Avago approaches are in
high volume, the level of hermeticity required by the end
user (the cell phone manufacturer) is met by both
techniques. The ability to “fold” the pads back into the
center of the die gives an area advantage to Avago
Microcap technique over both types of SU8 techniques —
where the pads must be located on the periphery.

I11. BACKGROUND ON HERMETICITY

Evaluation of the integrity of a hermetic package
historically was performed by either or both fine and gross
leak techniques. Gross leak detection is typically done by
placing the device into aliquid and looking for bubbles. For
fine leaks, a helium “bomb” technique was used where the
packaged device was exposed to high pressure helium and
then placed into a vacuum chamber to see if there was a
residual leak of helium out of the package. Unfortunately,



neither technique works for microcapped FBARSs, due to the
very small volumes (~ 0.003 mm®). Instead the shift in
frequency of the FBAR filter is used as an indicator of
whether the device was hermetically sealed or not. FBARS,
like both SAWS and BAW (quartz and SMR [3]) devices
have metal electrodes that can and will react to moisture.
Conventional silicon nitride passivation is not compatible
with Avago’'s FBAR processing. Aluminum nitride is
employed as passivation but does not provide adequate
protection and can —in non-hermetic instances — react with
moisture. Even the slightest uptake of oxygen into the
metal or aluminum nitride passivation can and will mass
load the resonators that make up frequency devices and
thus change its frequency.

The aluminum nitride passivation layer necessitates that
the packaged device be truly hermetic. Non-hermetic
packaging could potentially lead to catastrophic field
failures. Harsh environmental conditions are employed
using heat and moisture to accelerate failures, i.e. measured
as frequency shift of devices after exposure.

A typical 6 inch wafer has fifteen thousand devices
(assuming 1mm2 average die area). The bad news is that
even an average of one bad part per wafer (one out of
15,000) got into a customer’s phone, it would introduce 66
defects per million (DPM). Random pairing of a Tx die and
Rx die (from two different wafers) in duplexer products
double the DPM to 132 dpm and for the five filter
Quintplexer products—> 330 dpm!

IV. HERMETICITY CRITERIA

The “good news’ isthat with an average of 15,000 die per
6" wafer (a WLP wafer), there is also the ability to gather a
considerable amount of data per wafer and obtain insights
based on solid statistics. One can use this to evaluate the
relative merits of any process flow change on hermeticity.
On wafer testing is very quick, uses testersin an identical
way as they would be used in production (i.e. utilizes
existing infrastructure) and the quantity measured —
frequency shift — is a very sensitive measure of any
degradation from alack of hermeticity.

Moisture (humidity) accelerated by heat is the main
culprit in frequency shift. High temperature storage (HTS)
alone without the presence of moisture has not resulted in
failure from 1000 devices stressed from 15 non-consecutive
product lots.

Additionally harsh thermal cycling is considered a very
challenging test that was thought to be very difficult to
pass. Various conditions derived from JEDEC standards
have been successfully evaluated. The harshest is liquid-
to-liquid thermal shock rapidly transitioning from -65C to
+150C typically in less than 10 seconds, involving repeated
dipping of parts (on the order of hundreds of timesin rapid

succession) into hot liquid and then into a cold liquid.
Hot/cold immersion of parts applies stresses on the
microcap seals and, might create cracks and thus expose
parts to moisture with the resultant frequency shift. Avago
products have repeatedly shown no issues with respect to
this test. Typical data from exposure to 1000 cycles of
thermal shock is shown in Table 1 below, as well as other
common environmental stress conditions.

Table 1-Thermal stressresults

Stress Test Stress Condition Duratio Results
n
Temperatur | -55°C /+125°C,
e Cyclin 15 min dwell, .
yem 10min transition 0 falIures. of
time 1000X 1550 units
(JESD22A-104B, stressed
Cond B)
Thermal -65°C /+150°C,

Shock 15 min dwell, 0 failures of
<1min transition 1000X 1000 units
time stressed
(Liquid-liquid)

High 0 failures of
Temperatur | Ta=+125°C 1000hrs | 1000 units
e Storage stressed

Low 0 failures of
Temperatur | Ta=-40C 1000hrs | 1000 units
e Storage stressed

The useful life requirements vary from customer to
customer but are typically less than 1000ppm for 710 year
operation between 30°C ambient and 60-70%RH. The test
conditions employed in demonstrating moisture robustness
(with some variations depending on the customer) are i)
MSL rating, ii) 1000 hours at 85°C at 85% relative humidity
(85/85) and iii) 72-96 hours in autoclave (121°C at 100%
relative humidity). MSL stands for Moisture Sensitivity
Level and is a test of how well the part will survive
assembly (including soldering to a printed circuit board)
after seeing moisture. A MSL rating of 3 tells the customer
that the parts can be left on the line for up to 168 hours
exposed to the ambient moisture and still be “solderable” to
the motherboard during assembly MSL ratings are applied
to the packaged part (including the pc board, the epoxy, die
attach and the microcap’d die) that has been “soaked” in
moisture and then wun thru IR reflow, a high temperature
process step that is used by the vendor to attach all of the
components onto the mother board of the phone. Moisture
absorbed by the printed circuit board and the epoxy can
cause delamination and “popcorning” types of failures not
related to the microcap process. In contrast, the
temperature/humidity tests look only to see if there is a
slight frequency shift after the strife. Our goal is to have an



MSL rating no worse than the pc boards that they go on.
However, to test the integrity of the microcap’d parts we
use the more harsh tests such as 85/85.

Due to the length and sheer number of parts evaluated,
Avago has employed 95C/98%RH and autoclave
(121C/100%RH) as highly accelerated conditions for rapid
process and new product evaluation/qualification. 95°C and
98% relative humidity is approximately 2.6 as accelerated a
stress condition compared with the commonly specified
85°C/85%RH (due to different observed failure mechanisms
between parts failing at 85/85 (or 95/98) vs autoclave, we
cannot assign an acceleration factor between autoclave and
85/85). Failure rates are often expressed in terms of failures
per million components operated for 1000hrs (FIT — Failures
in Time in units in 109 hours). Avago’'s combined data
from various reliability stress conditions results in a 90%
confidence interval of 60 FITs (or 60 failures out of one
billion hours of operation

V.ANALYSISAND RESULTS

Table 2 shows the various ratings in our case and the
various humidity tests used for strife and for qualification.
Our parts are rates at MSL 3 for assembly purposes. Data on
the various performances of each strife test is also givenin
Table 2. The very large number of tested parts at 95/98 was
the result of studies over the past 3 years and represents
partsfrom all of our FBAR microcap’d FBAR lines.

Figure 1 shows a typical failure. ThisisaBand | UMTS
duplexer whose Tx frequency shifted 2.5 MHz after 18 hours
of autoclave.

Table 2-Moisture Robustness

Stress Test Stress Condition Duratio Results
n
MSL
(Moisture- | 6 006RH Wk vl 3
sensitivity
level)
o 0 failures of
?JSESCI/;;E;)Q'?E?)B) 1000hrs | 1500 units
Temperature Stre§sed
~Humidity 311}(‘;2':;"65
95°C/98%RH 96hrs 585,750 unite
stressed
3 failures of
Autoclave | 121°C/100%RH 96hrs | 1500 units
stressed

Sometime in the middle of 2007, Avago will surpass the ¥2
billion FBAR filters sold to handset and data card
manufacturers. Typical dpm (defects per million units

processed) for al failure modes reported by our customers
averages around 50 dpm.

With the advent of FBAR in high volume, hermetic WLP
technology has demonstrated viability and maturity.
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BAW Devices and Integration into System-in-Package (SiP).
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Abstract — This paper discusses the opportunities for
integrating Bulk-Acoustic-Wave devices in to System-in
Package (SiP) concepts, providing the smallest size and
lowest cost in the end application. In future multi-mode
wireless applications the main challenge lies in the front-end,
where many high-performance filter/duplexers are needed to
connect signals from several antennas to a single software-
defined System-on-Chip (SoC). Minituarisation,
reconfigurability and cost reduction are the key challenges. A
novel low-cost IC process is developed to realise high-Q BAW
resonators. Combined with advanced SiP technologies future
challenges in (multi-mode) front-ends can be addressed. A
couple of examples will be shown of recent developments at
NXP Semiconductors.

Index Terms — Bulk-acoustic-Wave (BAW) resonators,
filters, System-in-Package (SiP), RF Front-ends, Passive
Integration.

|. INTRODUCTION

Advanced system integration will be one of the key
trends in wireless applications in the upcoming year. This
is particularly true in cellular handsets, where the number
of features grows very rapidly and where the key-value-
drivers are size and cost. This means that a high level of
integration is required in order to meet the market needs.

With the growing number of wireless mobile applications,
there is a strong need for a more efficient system
partitioning in order to reduce the total Silicon area that is
used and to increase flexibility and re-use (multi-mode) of
various IC’s. Already in today’s high-end mobile phones
we see various wireless applications combined, such as
GSM/EDGE/UMTS, Bluetooth, FM radio, DVB-H TV
reception, WLAN etc. For example, the penetration rate of
Bluetooth is expected to be around 70% by 2008. In
today’s phones most wireless applications are added to the
cellular system as “stand-alone” features, where the
integration is only done on software level. No significant
sharing of functions on a hardware-level is done yet. In
the future mobile this will be different as illustrated in
figure 1. The future mobile platform will consist of

optimised flexible digital signal processors (Software
Defined Radio) and re-configurable RF System-in-
Package radios (Radio-SiP) that can be used to serve
several wireless applications. As shown in the example of
figure 1 we will have a dedicated cellular baseband taking
care of all the signal processing that is required for 2G,
2.5G, 3G+ cellular standards. In addition, it includes a
dedicated signal processing unit taking care of all the non-
cellular and emerging standards, e.g. WLAN,
Wibro/Wimax and DVB-H. The Radio SiP’s are partly re-
configurable as well and could potentially also be used to
serve several applications operating at different frequency
bands (multi-mode/multi-band). In addition, two Radio-
SiPs could be used for MIMO (Multiple-Input-Multiple-
Output) and/or diversity purposes as well. The radio’s are
connected to the digital modem via a high-speed serial
interface.
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Fig 1:Embedding of baseband IP in future cellular
platforms. There-configurable radio and corresponding
front-end is highly integrated using System-in-Package
technology.



Il. TRENDS IN FRONT-END INTEGRATION FOR WIRELESS
APPLICATIONS

The key challenge in the route towards re-configurable or
software-defined radios will be in the front-end. Many
antennas need to be connected to the multi-mode digital
signal processor. To illustrate this, let us investigate the
potential evolution of the front-end from 2007 to 2012+.
Figure 2 shows a typical front-end of a high-end cellular
handset in 2006/2007. Note that only the cellular pipe is
shown here. It consists of a transceiver for the 2G/2.5G
mode and another transceiver for the 3G mode. Both
transceivers are connected to a single baseband processor.
In the front-end we have a low-band and a high-band
antenna connected to a Front-End-Module (FEM) for the
2G/2.5G pipe and to a Power-Amplifier-with-Integrated-
Duplexer (PAID) module for the 3G pipe. In this example,
the 3G pipe only uses the high-band. Further integration
of the front-end of figure 2 can be done by expanding the
FEM with the PAID and antenna switch. Advanced SiP
technology will be needed to further reduce size and cost.

Fig 2: Cellular Front-End of a high-end multi-mode/band
in 2007.

If we look somewhat further in the future we will see
additional frequency bands and features coming into the
front-end. If we use a similar approach/architecture as
used in the 2007 front-ends, we will see the following
trends:

rapid growth of filters/duplexers

multiple RF interfaces

growth in number of Power Amplifiers

Need for higher integration level in the front-end
due to size/cost-constraints.

e more and broader-band antennas due to new
frequency bands on system enhancements like
MIMO.

e Co-existence issues with other standards will
increase the requirements on the filters and
duplexers.

This would lead to the front-end partitioning in 2010+ as
illustrated in figure 3.

FEM

RF-IC’s

DCS RX
DCS TX

Cel/lGSM RX
Cel/lGSM TX

Fig 3: Cellular Front-End of a high-end multi-mode/band
in 2010+. Additional frequency bands and performance-
enhancement features (e.g. MIMO) are introduced.

The front-end would require 15 filters and 5 Power
Amplifiers (PA’s). The contribution of the filters to the
total cost of a the front-end will grow significantly. It is
clear that there is a strong need in the market for a high-
performance, small-size, low-cost filter technology as a
key building block for future FEM’s. We believe that the
Bulk-Acoustic-Wave (BAW) technology will make this
happen, since it offers high-performance and is
compatible with low-cost standard IC processing.

It is clear that the front-end architecture as shown in figure
3 is not the most cost-effective solution, since it uses
many components. Therefore, if we look somewhat
further in the future alternative front-end architectures can
be expected with a high level of reuse of Silicon and other
blocks. An example of such a front-end is shown in figure
4. This re-configurable SiP combines a multi-mode
transceiver with a tunable front-end. The interface to the
baseband processor is realised using a low-power high-
speed serial link. It is clear that such a partitioning can
only be achieved when high-Q “tunable” components are
available for adaptive PA matching and adaptive filtering.



Both BAW as well as RF-MEMS are considered as
potential technologies that can be used to build such
tunable components. However, this is currently still in a
research phase. Another function that will be embedded in
the future front-end is a low-power high-frequency
reference oscillator based on a high-Q BAW resonator. In
this way, bulky and expensive crystal-based oscillators are

not needed anymore. In addition, phase-noise
performance will be improved significantly.

BAW

X0

Low band

High band

Fig 4: Re-configurable Radio in 2012+. It consists of a
multi mode transceiver with digital high-speed interface
to the baseband processor. The front-end uses high-Q
tunable components for adaptive PA matching and
tunable selectivity.

I11. BAW TECHNOLOGY OVERVIEW

Two different concepts for BAW resonators are used in
the market, namely: solidly mounted resonators (SMR)
and membrane type resonators (FBAR). The membrane
type is a suspended resonator with an air gap at both sides
of the piezo-electric material. The other concept is the
solidly mounted resonator where a Bragg reflector is used
to reflect the acoustic energy. We have selected the SMR
technology for several reasons, of which a key one is its
compatibility with standard IC process flows.

A cross section of a basic resonator in the SMR
technology is shown in figure 5. The reflector stack
consists of various layers of low- and high-acoustic
impedance materials to reflect acoustic energy. The low
acoustic impedance material used is SiO,. A well matched
combination of both Pt as well as Ta,Os layers is used for
the high impedance layers. Patterning is used for the Pt
layer to eliminate effects of parasitic capacitance. A more

detailed description of the advantages of such a hybrid
approach is given in [4].

Guard ring
Ton Electrode

Piezo material
AIN

Bottom Electrode
SiO,

Pt

SiO;

Ta,05

SiO;

Fig. 5. Cross-section of a BAW resonator.

A complete chip-scale package is made by creating a
cavity for protection purposes as illustrated in figure 6.
Solder bumps are placed for flip-chip assembly. All
processing can be done using standard IC processing
equipment ensuring reliable and low cost production.

TOP ELECTRODE
AN
uBM

L W) i BOTTOM ELECTRODE
REFLECTOR

Fig. 6. Package concept of BAW resonator.

IV. SIP TECHNOLOGY

System-in-Package (SiP) offers the opportunity to
integrate a complete system including all the required



passive components, such as bandpass filters, baluns, de-
coupling and capacitors. This will result in the smallest
possible total solution in the final application. Therefore,
SiP technology is mainly used to integrate the front-end of
a wireless system. We will describe here two different
types of SiP technologies which are used in many
applications [4].

The first approach uses a laminate substrate and is often
used to realise Front-End-Modules (FEM). This platform
offers the most flexible SiP solution and uses a low-cost
6-layer laminate substrate. Figure 7 shows a cross section
of the laminate stack. It consists of two core layers, a
prepreg layer and two sequential build-up (SBU) layers.
The laminate substrate is used for interconnect using
microvias. In addition, it integrates passive RF
functionality such as striplines, inductors, baluns, filters
and complete embedded antennas. The integration in
laminate offers more design flexibility and better
performance for some functions at high frequencies as
compared to surface mount components (SMD’s).
Multiple active and passive dies (CMOS, BiCMOS,
GaAs, BAW, MEMS) and SMD components can be
mounted on the substrate. Wirebonding or flip-chip
technology can be used to mounting the dies on the
substrate.

Fig. 7. Cross section of the 6-layer laminate substrate
(LAMP). It consists of the following layers: solder-resist
(dark-green), Metal Cu (orange), SBU (light-green), core
(light-blue) and prepreg (dark blue), [4].

The second SiP platform is based on a low-cost thin-film
passive integration IC technology build on a high-ohmic
silicon substrate. The thin-film technology features a low
number of mask steps and uses standard back-end IC
processing with relaxed lithographic resolution in order to
minimise manufacturing cost [4].

The active dies (CMOS, BIiCMOS) and passive dies
(BAW, MEMS) are placed on top of the substrate using
flip-chip technology with solder bumps. Standard IC
packages with a height of only 0.85mm can be used.
Many passive functions can be realised including
inductors, low- and high-density capacitors (up to 25-100
nF/mm?), resistors and lateral PIN diodes. Figure 8 shows
an example of a silicon-based SiP with double flip-chip
technology.

Active IC

Passive IC

Fig.8. SiP build up using a passive thin-film IC. A
double flip-chip technology with solder bumps is used in a
standard IC package. Multiple active dies can be mounted
on the passive die.

V. RECENT EXAMPLES

In this section we will describe a few examples of using
BAW devices in a system-in-package concept. The first
example concerns a BAW duplexer for the USPCS
WCDMA bands. The close separation of the TX and RX
bands of only 20MHz makes the USPCS system an ideal
application for BAW technology due to the superior
loaded Q-values compared to SAW technology. The
duplexer function is composed out of 2 BAW filter dies
one for the TX band (1.85-1.91GHz) and one for the RX
band (1.93-1.99GHz) mounted onto the SiP laminate
substrate as shown in Figure 9. The multilayer laminate
integrates the high quality RF inductors (typ. 1-3 nH)
required to complete the wideband response of the filter.
Both the laminate response and BAW filter die response
can be co-simulated with commercial quasi-3D
electromagnetic simulation software. An excellent
response is obtained with passband insertion loss of 3dB
and a RX-TX isolation of 50dB.



Fig. 9. BAW-duplexer build on laminate based SiP
technology.

The second example is a BAW-based high-frequency
oscillator [5]. In this case the BAW resonator is placed on
top of passive silicon die using flip-chip technology. An
active die that contains the feedback amplifier and
additional control circuits is also placed on the Si-carrier.
The BAW oscillator operates at 2 GHz and can replace
low-frequency crystal based oscillators. Main advantages
are size, cost and improved performance (e.g. power
consumption and phase noise). Figure 10 shows a
photograph of the three dies.

Fig. 10. Photo of a BAW-based high-frequency oscillator
consisting of a BAW-die, a BiCMOS-die and a passive
silicon carrier [5]. The BAW and BiCMOS dies are flip-
chipped on the passive silicon carrier.

In last example a BAW filter is used to provide the
required selectivity in a wide-band tuner concept. Figure
11 shows the basic block diagram. The tuner front-end is a
highly linear LNA+mixer that upconverts the input
frequency to an IF frequency. The BAW filter is then used
to provide the selectivity and to remove interfering
signals. The back-end part of the tuner that converts the
IF signals to a digital representation has now very relaxed
specifications. Figure 12 shows an example of such an IF
BAW filter with a relative narrow-bandwidth. This up-

converter concept can be used to realise low-cost high-
performance TV tuners for DVB-H/T. In addition, this
concept could also be a route to solve the future multi-
mode/band problem as illustrated in figure 4.

o RN

LO2

Fig. 11. A wideband upconverter tuner using a high-Q
BAW filter to realise the required selectivity.
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Fig.12 Narrow-band BAW filter characteristic with 8
MHz bandwidth used for up-converter architecture.

V. CONCLUSION

BAW technology opens the door to tackle many future
challenges in wireless application. Combined with
advanced System-in-Package concepts, low-cost highly
integrated systems can be realised. A few examples were
presented to illustrate the variety of potential applications.
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Abstract— This paper demonstrates the feasibility of an above-
IC bulk acoustic wave technology for wireless applications in the
2 to 6 GHz frequency range. Examples of low phase noise FBAR
based oscillators are used to show the potential of thistechnology.

Key words—Bulk acoustic wave devices, integrated circuit
fabrication, micromachining, piezoelectric resonator filters,
oscillators, radio receivers.

. INTRODUCTION

ULK acoustic wave (BAW) piezoelectric resonators have

been developed over the last few years to be used in
wireless communication systems, mainly in mobile phones.
They consist in a piezoelectric thin film sandwiched between
two electrodes, and isolated acoustically from the substrate
over which they are built [1]. Due to their high Q factors, large
power handling capability, and reasonable coupling
coefficient, they can indeed be used advantageoudly in passive
ladder filters and hence in duplexers with the low loss and
steep skirts required by the latest communication standards.
The duplexer is a key component in a mobile phone since it is
responsible for cleaning the spectrum around the received or
transmitted signal, just next to the antenna. It has then a very
strong impact on the transceiver architecture and the RF design
specifications. The need for efficient duplexers with small
form factors has been the main driving force for the
development of the thin film BAW technology, which is now
mature and industrial [2][3].
Besides their use in passive high performance filters, miniature
resonators can also be associated with active circuitry to pro-

Contact author: marc-alexandre.dubois@csem.ch

vide specific electronic functions, where a high Q can be
leveraged, such as low noise amplifiers or oscillators. In the
latter case, the high Q factor of the resonator trang ates directly
into a reduced phase noise, which is often the key specification
for an oscillator.

Although BAW resonators and filters are processed,
usualy, on silicon wafers, the applied technologies are those
used in the micro-electromechanical systems (MEMS) world,
rather than in the IC fabrication facilities. Among the
differences are the need for different materials—high
resistivity silicon substrates, a piezoelectric layer and specific
electrodes—fabrication tolerances either relaxed or much more
stringent depending on the parameter, and possibly the wafers
size.

This paper describes results obtained in an exploratory work
aiming at bringing together the BAW and IC technologies by
co-integrating active and passive components on the same
substrate. More specifically, piezoelectric thin film resonators
and filters have been fabricated at the wafer level above
BiCMOS integrated circuitsin a post-processing approach.

Ultimately, such a co-integration could reduce the size of
high performance RF systems and boost their perfomances
through the reduction of interconnection parasitics. However,
this would probably come at the expense of the fabrication
yield and hence of the production cost, limiting this
technological approach to high end markets where the cost is
not the primary concern, unlike in the mobile phone business.

Il. ABOVEIC BAW TECHNOLOGY

The two available types of BAW resonators—differentiated
by the way the acoustic isolation between the vibrating film
and the substrate is carried out [1]—have been shown recently
to be compatible with such a co-integration scheme [4][5]. In
this work, the film bulk acoustic resonator (FBAR) fabricated
by surface micro-machining has been chosen in order to keep



the technology for connecting the resonators to the topmost
metal of the IC as simple as possible. Indeed, as only a very
thin isolating air gap is created underneath each resonator, the
latter are placed very close to the circuit and low loss
interconnections can be realized without manufacturing metal-
filled vias through athick acoustic reflector.

Over the years, aluminium nitride (AIN) deposited by
reactive sputtering has emerged as the technology of choice for
BAW resonators because it is an excellent compromise
between performance and manufacturability. Its coupling
coefficient is not as high as that of ZnO or PZT, but it is
chemically very stable, has an excellent thermal conductivity,
and a low temperature coefficient. These properties enable the
fabrication of resonators featuring coupling factors of 6-7%,
good resistance to corrosion, excellent power handling
capability, and limited drift with temperature. Another
advantage of AIN is the low process temperature and the fact
that it does not contain any contaminating elements harmful
for semiconductor devices, unlike most other piezoelectric
materials.

Furthermore, owing to these excellent material properties
and because of the very stringent specifications on thickness
accuracy and uniformity set by the BAW resonator's
architecture—resonance frequency is inversely proportional to
thickness—equipment manufacturers devel oped and optimized
sputtering systems specifically for AIN, rendering the process
industrial and widely available [6].

The sputtering process used in this work takes advantage of
the properties of a platinum (Pt) electrode, which promotes
efficiently the growth of AIN films with excellent piezoelectric
properties. Thisis due to the hexagonal symmetry of the (111)-
plane of Pt that matches the (002)-plane of AIN, and to an
extremely smooth surface [7][8]. The drawback of Pt is its
lower electrical conduction compared to auminium or
molybdenum, which is one of the limiting factors for the series
Q factor of the BAW resonator. The crystalline properties of
AIN films deposited with this process have been assessed by
X-ray diffraction measurements, yielding a very narrow
rocking curve FWHM of 1.07° for the (002) peak. This high
crystalline quality has been confirmed by a direct measurement
of the piezoelectric ds3¢ extensional coefficient with a double
beam Mach-Zehnder interferometer. A value of 5.3+0.22
pm/V has been obtained, representing a potential coupling
coefficient kgs® in BAW resonators larger than 6.5%.

The fabrication sequence of the BAW resonators (and
filters) above IC is the following: First, silicon oxide is
deposited over the passivated IC-carrying wafers and
planarized by CMP, in order to get a smooth and flat surface
for the FBAR fabrication. A photoresist sacrificia layer is
deposited, patterned, and cured at high temperature for
defining each resonator’'s position, and then protected by
silicon nitride. Next, the active part of the devices is built up,
with the subsequent deposition and patterning of the Pt bottom
electrode, the piezoelectric AIN layer, and the top electrode.
Via holes are then etched through the different dielectric layers

until the last metal level of the integrated circuit (M5), and a
thick metal interconnect is deposited and patterned to link the
BAW resonator to the IC. A thin silicon oxide loading layer is
then deposited and patterned to shift down the frequency of
some resonators in the case of filters. Finaly, the sacrificial
layer is etched and the membranes are released. Fig. 1. shows
a schematic cross-section of a FBAR connected to the last
metal level of an IC wafer.

air gap electrodes

metal interconnect

metal interconnect

BiCMOS wafer passivation

Fig. 1. Cross-section of FBAR integrated above IC

It has to be mentionned that the technology has been kept as
simple as possible for these proof-of-concept integrations.
Consequently, additional processing steps that would be
required for large-scale production, such as the passivation of
the devices for example, have been omitted.

Two different sources of 1C wafers have been used: either
BiCMOS 0.25um SiGeC technology from ST
Microelectronics, or BICMOS 0.35 um SiGe technology from
AMI  Semiconductor. Likewise, two different FBAR
frequencies have been explored, 2.14 GHz and 5.5 GHz.

I1l. CROSS-INFLUENCE OF TECHNOLOGIES

When post-processing MEMS of any kind above IC, it is
crucial to control that the semiconductor devices do not suffer
from the additional processing steps, and most particularly
from the many thermal cycles applied to the wafer.

Table 1. Impact of post-process on BiCMOS technology

unit before after delta
NMOS 10x0.35
Ves@10nA v 94682 | 95689 | -1.06%
PMOS 10x0.35 v 86168 8.6625 0.53%
Vba@10nA : :
NMOS 10x0.35 Vyg V 0,60358 0,59291 1.77%
PMOS 10x0.35 Vo \% -0,63017 | -0,6334 -0.51%
M3/M2 via chain Qivia | 0,84329 | 0,85834 | -1.78%
M2 resistance mQ/sq | 48,498 48,805 -0.63%
HIPO resistor Qlsq 10904 1073.52 1.55%
W100L10 ’ ’

As an example, in the case of post-processing above
BiCMOS 0.35 um SiGe wafers, about 50 different test devices
characterizing globally the performance of the semiconductor
technology have been measured, before and after the
fabrication of BAW resonators and filters. Table 1 shows an



excerpt of this measurement campaign with only afew relevant
parameters. The stable breakdown voltage V.4 of the
transistors show that there is no significant alteration of the
gate oxide integrity. The MOS threshold voltage Vi is
likewise not affected. The resistance measurements indicate
that the thermal cycles experienced by the circuits do not lead
to any intermetallic formation in the interconnections since the
resistive paths are nearly unchanged. In general, no major
deviation due to the post-process have been observed in any
measured parameter. All differences are below 2% except for
2 leakage measurements, which seem actualy to have been
improved by the BAW processing. This show that the impact
of the BAW fabrication upon the BiCMOS circuits is very
limited.

The opposite has also been observed, namely that the
BIiCMOS wafers do not impact the performances of the
resonators. Indeed, individual resonators exhibit the same
performances above-IC as on plain silicon wafers, meaning
that the presence of active circuits underneath the FBARs does
not modify their performances. Typica coupling and quality
factors measured on test resonators are 6.5% and 900 in the 2
GHz range, and 6.6% and 750 in the 5GHz range. If the
coupling coefficients confirm the high quality of the AIN layer,
the Q factors could be further improved with a better thickness
and acoustic impedance ratio between the electrodes and the
piezoelectric film and the suppression of the lateral modes
propagating in the membrane. The latter can be seen as
wavelets on the fundamental resonance circle of a test
rectangular FBAR in Fig. 2.

Frequency [10 MHz-20 GHz]

Fig. 2. Smith chart of a test FBAR at 5.5 GHz. The large circle is the
fundamental resonance, whereas the 2 smaller ones are harmonics at 12.5 and
17.8 GHz respectively.

IV. WCDMA RF FRONT-END

The potential of this above-IC technology has been
demonstrated through the design and fabrication of the
receiver part of asimplified RF front-end set at 2.14 GHz. The
latter is described thoroughly in [5]. This front-end chip
contains a low noise amplifier, a single-to-differential

converter, a high rejection double lattice FBAR filter, a
matching network and a mixer. For the characterization of the
circuit, the differential mixer was fed by an external signal
generator.

Fig. 3. shows pictures of a newer version of the same RF
front-end, which includes this time an FBAR-based VCO (seen
at the right of the micrograph).

Fig. 3. Chip micrograph (top) of an integrated WCDMA receiver and SEM
inserts of the BAW filter (bottom left) and resonator (bottom right).

The architecture and the performances of this differential
VCO are described in details in [9]. Fig. 4. shows the
measured phase noise of the FBAR VCO compared to the
noise of areference LC VCO, as well as a micrograph of the
Si chip including the BAW resonator. The phase noise of the
FBAR VCO is significantly lower than the one of the LC tank
VCO, with a value as low as -143.7 dBc/Hz at the optimum
operating voltage. The tuning range of the VCO is 15 MHz. It
is not yet sufficient to cover the whole frequency band as
required by the WCDMA standard, but it is much more than
what has been obtained until now with FBAR oscillators
[10][11].
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Fig. 4. Phase noise measurement of the FBAR differential VCO compared
to areference LCVCO.
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Despite this limited tuning range, the receiver of Fig. 3. is
functional, as it is shown by Fig. 5. It represents the spectrum



measured at the output of the mixer with a -40dBm signal at
2.1138GHz fed at the LNA input. The supply voltage and
V CO control voltage have both been set at 2.4V.

Fig. 5. Output spectrum of the monolithic WCDMA receiver, with the
demodulated output at 1.13 MHz.

V. WLAN OSCILLATOR

As a second example of co-integrated system, an oscillator
with Colpitts architecture has been designed for operating at
5.5 GHz. A micrograph of the chip and the schematic of the
circuit are shown in Fig. 6. The core of the oscillator is a
common collector transistor T4, with the feedback capacitors
C; and C, ensuring the negative resistance necessary to
compensate the losses in the resonating FBAR. Transistor T, is
used as a buffer to isolate the resonator from the load
impedance. The active circuit has been implemented in the
BiCMOS 0.35 pum SiGe technology from AMI Semiconductor.
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Fig. 6. Chip micrograph (640x650um?) and schematic of the oscillator

The active circuit and the ground line have intentionally
been kept away from the resonator to prevent any possible
coupling with the FBAR. However, it is certainly possible to
reduce further the silicon area of the oscillator, by placing the
FBAR over the active elements. In that case, a careful
shielding of the sensitive part would be needed.

The output power of the oscillator is —8.4dBm for a total
current consumption of 4.7mA at 2.7V, out of which 3mA are
drawn by the buffer amplifier. Fig. 7. shows the output power

spectrum of the circuit. A phase noise of —117.7dBc/Hz has
been measured at 100kHz offset from the carrier.
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Fig. 7. Output power spectrum of Colpitts oscillator

Further information about FBAR Colpitts oscillators can be
found in [12][13].

V1. CONCLUSION

FBAR processing is compatible with advanced BiCMOS
technology, and hence enables the co-integration of RF high-Q
passive and active devices on a single chip. Many circuit
blocks such as LNAs or VCOs can take advantage from such a
co-integration with high Q BAW devices. Performances can be
further enhanced through the reduction of size, the limitation
of interconnection parasitics, and the possibility to use the IC
metal layers for shielding the BAW devices.

However, the complexity of the technology will certainly
limit the fabrication yield in a production environment. Hence
the validity of this above-1C approach is restricted to high-end
applications, where RF performances outweight the cost
issues.
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Abstract — RF MEMS devices, such as FBARs,
variable capacitors and switches, are indispensable in
the reconfigurable RF front-end for multi-mode
multi-band mobilephone systems. High quality
aluminum nitride piezoelectric films must play a key
role in the high-Q FBARs, as well as the
piezoelectrically actuated variable capacitors and
switches in low voltage operation.

In this paper, high-Q FBARs and variable capacitors
with high capacitance ratios using AIN piezoelectric
films and Al electrodes are presented. An amorphous
metal underlayer enables fabrication of highly
<111>-oriented Al thin films with XRD rocking curve
FWHM of 0.6°. Using these high quality Al films, we
have obtained highly c-axis oriented AIN films. These
AIN films showed excellent crystallinity even at the
initial stages of the AIN film deposition.

The fabricated resonators showed good resonance
characteristics, such as high-Q values (loaded-Q
~800) and high effective coupling constants (~6.7%0).
The variable capacitor showed the highest tuning
ratio of 10 at a low operation voltage of 5.5 V. The
tunable built-in antenna in the UHF range is also
examined.

l. INTRODUCTION

Recently, the requirements for RF circuits have made
it difficult to develop RF devices. In particular, for
multi-mode, multi-band mobile phone terminals, it is
necessary to decrease the number of components and
miniaturize the device size without compromising
performance. To satisfy these requirements, new
technologies are desired.

The reconfigurable RF front-end must be one of the
best solutions for the requirements. The RF front-end
should contain high-quality resonators, variable
capacitors and switches and is preferably integrated on
RF chip with CMOS-compatible materials and
processes.

FBAR (Film Bulk Acoustic wave Resonator)
technology [1-2] enable realization of high-frequency,
low- loss RF filters manufactured by means of LSI-
compatible processes.

In regard to designing and fabricating FBARSs, there

are several key issues. The first key issue is the
selection of piezoelectric materials. Although several
piezoelectric materials have been investigated for

FBARs, AIN and ZnO are the only ones which can be
manufactured. From the viewpoint of compatibility
with LSI processes, AIN is the best choice.

Second, we have to decide the bottom electrode
material. In this selection, we have to take into
account three points: 1) acoustical properties, 2)
electrical properties, and 3) crystallinity. This
selection is the most important because the bottom
electrode is the base for all FBAR structures[3].

From the acoustic viewpoint, the electrode should be
a heavy, stiff material, such as Mo, W or Ru[4]. This
is because materials with large mass density enhance
effective coupling constant (ke?) and stiff materials
improve Q-values.

To achieve high Qr values, the resistivity must be
low. The resistivity of thin films is often higher than
that of the ideal value, in the case of materials with
high melting points. Therefore, Cu and Al are highly
advantageous in terms of their electrical properties.
The crystallinity and crystal structure of the bottom
electrode are the most important considerations
because the crystallinity of the AIN films strongly
depends on both that of the bottom electrode. In
general, as the melting point increases, more energy is
needed to fabricate highly oriented films. This
tendency supports the view that low melting point
materials are a good choice for improving the
crystallinity. Based on these discussions, we have
chosen Al as the bottom electrode material.

The next item is the variable capacitors. Much
research is being performed to develop RF MEMS
tunable capacitors. Most researches have focused on
the electrostatic types, which are free from restrictions
of materials and processes, but operate at very high
voltages of over 20 V [5]. Moreover, the “pull-in”
phenomena limit the continuous tuning range to below
50 %. Other types of RF MEMS actuation



mechanisms, such  as  electro-thermal or
electromagnetic drives have also been developed, but
have the serious drawback of large power
consumption.

Piezoelectric actuation is a promising mechanism
for realizing RF MEMS tunable capacitors with a low
operation voltage and a wide tuning range [6]. We
proposed a piezoelectric actuator using AIN
piezoelectric layers and Al electrodes, which uses
fundamentally same process with the FBARs stated
above, and demonstrated that a continuous tuning
ratio of more than 3 is possible with an operation
voltage of 3-5 V and high Q-factors [7,8].

These capacitors were applied to wideband built-in
tunable antennas for digital terrestrial broadcasting as
an example of reconfigurable RF systems.

Il. FABRICATION METHOD

There are the various fabrication methods for highly
oriented AI(111) films. The first method utilizes the
Si(111) substrate. Although epitaxial Al(111) films can
be obtained by using this method, it has a big problem
in that the interface between Si and Al is very
thermally unstable. The second method uses the
polycrystal Ti/TiN seed layer. Although this structure
is thermally stable, it needs a thick seed layer to
improve the crystallinity of Al(111) films. The third
method utilizes the amorphous underlayer and this is
the most suitable method for FBARS and piezoelectric
actuators because the thin amorphous layer is
sufficient to achieve highly oriented Al films. This
technique was developed more than 10 years ago and
first applied to aluminum interconnection in LSlIs.

This underlayer must not only be amorphous, but
have a large surface energy. When Al deposits on it,
2D layer-growth of Al films occurs due to the high
surface energy of the underlayer. This continuous
layer is thought to have the most stable (111)
closely-packed  configuration for fcc metals.
Furthermore, an amorphous substrate enhances this
tendency, because it has no specific crystal structure to
prevent formation of AI(111) 2D island. Using this
technique, we have obtained highly <111>-oriented Al
films with XRD rocking curve FWHM of 0.6 degrees
as shown in Figure 1.

Fixed electrode .
Si sub.

Figure 2 shows the relationship between AIN
thickness and the XRD rocking curve FWHM of
AIN(0001). During deposition, we did not use a heater.
The FWHM of 50nm AIN film is 1.1 degrees and the
crystallinity improves slightly with an increase of
thickness. This result indicates that AIN films are
highly oriented even at the initial stage of deposition.
Therefore, these AIN films are suitable for high
-frequency applications.
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Figure 1 AIl(111) XRD rocking curve and RHEED
pattern of Al films formed on amorphous under layer.
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Figure 2 Relationship between AIN thickness and
the XRD rocking curve FWHM of AIN(0001)
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Figure 3 Process sequence of RF MEMS tunable capacitor



Figure 3 shows a schematic fabrication sequence of
the tunable capacitors. 8-inch Si wafers having normal
and high resistivity, or quartz wafers were used for the
experiment. First, a fixed electrode was deposited and
patterned, then buried by silicon nitride and oxide
layers. Next, a thick TEOS layer was formed and
patterned, and a poly-Si sacrificial layer was filled and
flattened by CMP (Chemical-Mechanical Polishing).
A piezoelectric bimorph was stacked on the flattened
surface. Contact holes were opened and contact pads
were formed. Finally a poly-Si sacrificial layer was
selectively etched using a XeF, etching gas.

I1l. DEVELOPMENT OF FBAR

Since Al has a large temperature coefficient of elastic
constant (-320ppm/°C) and also large acoustic
attenuation[9] the FBAR characteristics are likely to
degrade. We estimated the influence of Al electrode
based on 1-dimensional Mason equivalent circuit. As
a result, the acoustic-Q of over 2000 and temperature
coefficient of frequency (TCF) of about -27 ppm/°C
were obtained. These values differ little from those of
conventional FBARs[10].

These results can be understood in terms of the strain
energy distribution shown in Figure 4. The
Nowotony-Benes[11] model was wused for the
calculation. The strain energy concentrates on Al
electrode because acoustic impedance of Al is smaller
than that of AIN. However, the percentage of strain
energy in Al electrode is only 3.1%. This is why the
adverse influence of Al electrode is limited.

Strain energy distribution
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Figure 4  Strain energy distribution with Al bottom
electrode.

The MBVD model is used to fit the measured
resonant characteristics[12]. Figure 5 shows the
calculation method of Q-values from the measured
data. The diameter of the impedance circle
corresponds to Qa and the diameter of the admittance
circle related to Qr. The advantage of this method is
its insensitivity to spurious responses.

Both figure of merit (FOM) and impedance ratio
(Za/Zr) are used as the indices of overall performance
of the FBARs. Equation(1) represents the relationship

between the impedance ratio and the figure of merit. If
Qa is not equal to Qr, Q is defined as a geometrical
mean of Qa and Qr.

Z 8 ?
Z—a;(?-kjﬁ j=0.657><(k§ﬁ fo @

Figure 5 The calculation method of Q-values from
the measured data.
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Figure 6 Impedance characteristics and Smith Chart of
the measured data.



The measurement data is shown in Figure 6 and
Figure 7. These figures represent two typical
characteristics of 1port FBARs with slightly different
structures. Please note that these results include all
parasitic effects.

Figure 6 shows that the effective coupling is 6.2%
and both Q values are over 800. The impedance ratio
is over 1500 and this corresponds to figure of merit of
51. The extracted parameters of the MBVD model are:
CO0=1.2[pF], C1=0.067[pF], R1=0.67[Q2], L1=81[nH],
Rs=0.87[2], and R0=0.48[Q2]. As expected, it is
confirmed that there is no evidence of degradation due
to aluminum electrode.

Figure 7 shows larger coupling constant of 6.7%, and
smaller Q values. The extracted parameters of the
MBV model are: CO0=1.07[pF], C1=0.062[pF],
R1=0.87[Q], L1=86[nH], Rs=0.81[Q2], and
R0O=1.15[Q]. In both cases, series resistances are
slightly larger values than expected. This is due to
structural problems and attempts to decrease the series
resistance are under way.
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Figure 7 Impedance characteristics and Smith Chart of
the FBAR with larger coupling constant.
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Figure 8 Temperature dependence of the resonance
frequency (red line) and the anti-resonance frequency
(blue line)

Figure 8 shows the temperature dependence of the
resonance and anti-resonance frequency. TCFs of
resonance and anti-resonance  frequency are
-26.5[ppm/°C] and -28.3[ppm/°C], respectively. These
values are almost the same as the calculated values.
Although the TCF of our FBAR is slightly larger than
the reported value[10], however, this difference can be
ignored.

The design of the stacked layer structure of FBARS
significantly influences on the FBARSs characteristics.
The measured coupling constants and TCFs of FBARS
are almost same as the calculated values using the
1-dimensional Mason equivalent circuit. On the other
hand, Q-values can hardly estimate correctly. This is
due to the energy radiation from the electrode edges.
The Qa is also sensitive to the stacked layer structure,
especially the bottom electrode thickness. The bottom
electrode thickness also influences on the spurious
responses.

IV. DEVELOPMENT OF TUNABLE CAPACITOR

The basic structure of a tunable capacitor with a
piezoelectric bimorph actuator is shown in Fig.9. The
electric voltage is applied between the intermediate
electrode and the top/bottom electrodes. Within the
two piezoelectric layers, the polarization direction is
the same while the polarity of driving voltage is
opposite. One piezoelectric layer expands while the
other contracts. The net result is a bending deflection.

One of the most serious issues in the piezoelectric
MEMS actuators is curling of the actuator beams due
to residual stresses. Piezoelectric AIN actuators are
composed of thin and long multiply stacked layers,
tend to suffer from a large curling effect due to
unbalanced residual stress in the stacked AIN layers.

Novel folded bimorph structures have been
introduced to cancel the curling effect as shown
schematically in Fig. 10. Using symmetrically



designed forward and backward beams can
compensate the curling. Further, the piezoelectric
actuation is doubled when reversed voltages are
applied to the forward and backward bimorphs.

Piezoelectric layer ~ Metal electrode
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Figure 9 Basic structure of tunable capacitor with
piezoelectric bimorph actuator.
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Figure 10 A schematic drawing of proposed folded
structure piezoelectric tunable capacitor having
forward and backward bimorph actuator beams.

Figure 11 Laser microscope image of tunable
capacitor, with singly clamped folded bimorph
actuators.

An optical image of the RF MEMS tunable
capacitor with a singly clamped folded bimorph
actuator is shown in Fig. 11. Height measurements
using laser microscopy revealed the curling at the
actuation point was suppressed to less than a few
microns while curling at the folding point reached a
few tenth microns.

Smooth continuous capacitance changes were
observed with a hyperbolic relation up to the contact
point of the movable and fixed electrodes of the
tunable capacitors. The lowest operation voltage of
2.5 V was obtained with a tuning ratio of 3, for the

first time as shown in Fig. 12. The Q-factor of the
tunable capacitor was less than 10 at 2 GHz because
of a low-resistivity Si substrate.
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Figure 12 Measured net capacitance changes of the

fabricated piezoelectric RF MEMS tunable shunt
capacitor on normal resistivity Si substrate.
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Figure 13 Capacitance changes of the
piezoelectric RF MEMS tunable shunt capacitor on
quartz substrate.
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Figure 14 Sy; of the piezoelectric RF MEMS
tunable capacitor on quartz substrate.



To increase the Q-factor and decrease parasitic
capacitance around signal pads, piezoelectric tunable
capacitors were also made on insulating quartz
substrates.

Figs. 13 and 14 show capacitance changes and the
S plot of the capacitor. A very large capacitance
change was observed from 40 to 385 fF at an
operation voltage of 5.5 V, along with a minimum
Q-factor of 40. The performance indicators, such as
tuning ratio/operation voltage and Q show our results
exceed these of previously published works.

V. APPLICATION FOR TUNABLE ANTENNA

Currently developed FBARs and tunable capacitors
will likely be key components in the reconfigurable
RF front-ends, such as tunable antennas, filter banks
or tunable filters, tunable impedance machers, and
wide range VCOs as shown in Fig.15.

One of the largest advantages of the MEMS tunable
capacitors is their very high [IP3 characteristic
compared with varactor diodes. A wideband built-in
tunable antenna for digital terrestrial broadcasting has
been targeted for the first application. It is difficult to
realize a built-in antenna because the system requires
a wideband antenna in a UHF band and its frequency
bandwidth gets narrower as the antenna’s size is
reduced.
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Figure 15 Reconfigurable RF front-end using RF

MEMS devices.
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Figure 16  Efficiency of the tunable antenna

using piezoelectric MEMS tunable capacitor.

The shape of the antenna element is a meander
structure, and one point of the antenna connects to the
PCB board through the tunable capacitor. Figure 16
shows efficiency of the tunable antenna. A wide
tuning range from 450 to 650 MHz was realized at an
efficiency of more than -5dB under a tuned
capacitance from 0.11 to 0.35 pF.

V1. CONCLUSION

High-Q FBAR and RF MEMS tunable capacitor
have been developed using the AIN piezoelectric layer
and the Al electrodes.

As for FBAR, it is confirmed both theoretically and
experimentally that the disadvantages of the Al
electrode can be ignored because the strain energy in
the Al electrode is very small. On the other hand, the
advantages of the Al electrode are also confirmed, that
is, the highly c-axis oriented AIN films are obtained
by using high-quality Al films. These results indicate
that aluminum is a promising electrode material for
high-Q FBARs and low-loss filters.

A novel RF MEMS tunable capacitor with a folded
beam piezoelectric bimorph actuator has been
developed. Its continuous wide tuning ratio of more
than 3 was realized at operation voltages of 3-5 V for
the first time.

These piezoelectric RF MEMS devices are quite
promising as key components for multi band/mode
reconfigurable RF systems. Our process that uses
CMOS compatible materials and temperatures makes
it possible to easily adopt RF MEMS into RF CMOS
processes.

REFERENCES

[1] K. M. Lakin, “Thin Film Resonators and Filters”,
1999 IEEE Ultrasonics Symposium, Proceedings, pp.
895-906

[2] J. D. Larson Ill, R. Ruby, P. Bradley, and Y.
Oshymansky, and D. Figueredo, “A BAW antenna
duplexer for the 1900MHz PCS band”, 1999 IEEE
Ultrasonics Symposium, Proceedings, pp. 887-890

[3] S. Mishin, D. R. Marx, and B. Sylvia, “Sputtered AIN
thin films on Si and electrodes for MEMS resonators:
relationship between surface quality microstructure and
film properties”, 2003 IEEE Ultrasonics Symposium,
Proceedings, pp. 2028-2032

[4] T. Yokoyama, T. Nishihara, S. Taniguchi, M. Iwaki, Y.
Satoh, M. Ueda, and T. Miyashita, “New electrode
material for low-loss and high-Q FBAR filters”, 2004
IEEE Ultrasonics Symposium, Proceedings, pp. 429-432.

[5] J. J. Yao, S. T. Park, and J. DeNatale, “High tuning-
ratio MEMS-based tunable capacitors for RF



communication applications,” in Proc. Solid-State
Sensors Actuator Workshop, Hilton Head, SC, Jun. 1998,
pp.124-127.

[6] J. Y. Park, Y. J. Yee, H. J. Nam, and J. U. Bu,
“Micromachined RF MEMS tunable capacitors using
piezoelectric actuators,” in IEEE Int. Microwave Symp.
Dig., Phoenix, AZ, May 2001, pp. 2111-2114.

[7] T. Kawakubo, T. Nagano, M. Nishigaki, K. Abe, and
K. ltaya, “Piezoelectric RF MEMS tunable capacitor
with 3 V operation using CMOS compatible materials
and process,” in Proc. IEEE Int. Electron Devices
Meeting, Dec. 2005, pp. 303-306.

[8] T. Nagano et al, T. Nagano, M. Nishigaki, K. Abe, K.
Itaya, and *T. Kawakubo, “Fabrication and Performance
of Piezoelectric MEMS Tunable Capacitors Constructed
with AIN Bimorph Structure” IEEE MTT-S Int.
Microwave Symp. Digest, 2006, pp.1285-1288.

[91 G D. Mansfeld, S. G Alekseev, and I|. M.
Kotelyansky, “Acoustic HBAR spectroscopy of metal (W,
Ti, Mo, Al) thin films”, 2001 IEEE Ultrasonics
Symposium, Proceedings, pp. 415-418

[10] J. D. Larson I, and Y. Oshmyansky,
“Measurement of Effective kt2, Q, Rp, Rs wvs.
Temperature for Mo/AIN FBAR Resonators”, 2002 IEEE
Ultrasonics Symposium, Proceedings, pp. 939-943

[11] H. Nowotny and E. Benes, “General
one-dimensional treatment of the layered piezoelectric
resonator with two electrodes”, J. Acoust. Soc. Am.
\Vol.82, no.2 (1987) pp. 513-521

[12] J. D. Larson Ill, P. Bradley, S. Wartenberg, and R.
Ruby, “Modified Butterworth-Van Dyke Circuit for
FBAR Resonators and Automated Measurement System”,
2000 IEEE Ultrasonics Symposium, Proceedings, pp.
863-868

[13] M. Nishio et al., Shingakugiho (2006) AP2005-170
105 600 (in Japanese).



Basic Deposition Process and Ferroelectric Properties of Stress
Free Pb-based Ferroelectric Thin Films of Perovskite Structure

K. Wasa, I. Kanno, T. Mino,

S. Kuwajima, K. Suzuki, and H. Kotera

Faculty of Mechanical Eng., Kyoto Univ. Sakyouku Yoshida Honmachi, Kyoto, Japan

Abstract Basic deposition process of stress free single
crystal thin films of perovskite is described. The
deposition process comprises sputtering deposition at
epitaxial temperature followed by quenching in air.
Based on the quenching process thin films of stress free
single crystal (PbMg1/sNb»303)1. (PTiO3),, PMNT were
heteroepitaxially grown on (001)SrTiO; and (001)MgO
substrates by rf-magnetron sputtering. The lattice
parameters of the sputtered PMNT thin films were
almost the same to the bulk values independent of the
substrate lattice parameters. Planar thin film bulk
acoustic wave resonator, FBAR, was fabricated for a
measurement of electromechanical coupling k; of PMINT
thin films. The k; near the morphotropic phase boundary,
MPB, composition, x=0.33, was found to be 45.2% at
1.3 GHz for the film thickness of 2.3um. The k; was
almost the same values to the bulk single crystals.

INTRODUCTION

Thin films of Pb-based ferroelectric perovskite are
essential for a production of piezoelectric devices, since
the Pb-based ferroelectric perovskite exhibits the highest
electromechanical coupling. The environmental pollution
of lead component could be reduced by two orders in
magnitude, if the Pb-based materials are used in a form
of thin films [1]. To achieve bulk like high
electromechanical coupling, thin films of single crystal
perovskite are essential. The single crystal films are
fabricated by heteroepitaxial growth process. The MgO
and/or SrTiO; are widely used for the substrates. The
heteroepitaxial films include the stress due to the lattice
mismatch between thin films and substrates. The
heteroepitaxial temperature is around 500 to 600°C. The
thermal stress is also induced during the cooling stage
after the deposition due to the differences in a thermal
expansion coefficient between thin films and substrates.
The electromechanical coupling of heteroepitaxial
perovskite thin films is lower than bulk values due to the
epitaxial stress [2]. Reduction of stress in the
heteroepitaxial films is essential for the achievement of
bulk like high electromechanical coupling. .

Recently we have found quenching after the
deposition in the heteroepitaxial growth reduces the
epitaxial stress and achieves the fabrication of stress free
single single crystal thin films of Pb-based ferroelectric
perovskite PMNT [3]. This paper describes the basic

sputtering deposition process and the structure and
ferroelectric properties of the stress free single crystal
PMNT thin films.

BASIC SPUTTERING PROCESS

The solid solution of relaxor ferroelectric Pb(Mg
13 Nb 53 )O 3 (PMN) and normal ferroelectric PbTiO,
(PT), PMNT exhibits an exceptionally high coefficient
of electromechanical coupling [4]. The PMNT shows a
morphotropic phase boundary (MPB) at x=0.33 for bulk
single crystals. Several deposition processes are reported
including a sputtering [5], MOCVD [6] PLD [7] and
sol-gel method [8]. These PMNT thin films often include
isometric compound of pyrochlore, Pb,(Mg,Nb),0; type
and comprise grains and/or interfacial dislocated layers.
The structure looks like polycrystalline ceramics and
their density is not high. Heteroepitaxial growth was
applied for the deposition of single crystal PMNT thin
films. These heteroepitaxial films frequently include
grains and/or dislocated interfacial layer to reduce the
lattice mismatch strain. Their micro-structure is different
from bulk single crystal. Among these deposition
processes the sputtering is one of a promising process for
the deposition of the bulk like single crystal thin films,
since the high energetic sputtered adatoms enhance the
growth of high density single crystal thin films [9].

A planar rf-magnetron sputtering was used for the
heteroepitaxial growth. The PMNT thin films were
directly sputtered from PMNT powder target on
(001)SrTiO3 and/or (001)MgO single crystal substrates.
The powder target was composed of the mixture of PT,
PbO, MgO, Nb,Os and TiO,. The key growth conditions
of single crystal PMNT thin films are: (1) stoichiometric
composition of thin films, (2) substrate temperature >
epitaxial temperature, (3) substrate temperature <
re-evaporation temperature of Pb. The chemical
composition of the sputtered thin films was easily
changed by the composition of the mixed powder. The
epitaxial temperature was 500~600°C. According to the
key growth condition, the substrate temperature should
be higher than the epitaxial temperature. However, the
substrate temperature should be lower than the Pb
re-evaporation temperature of about 600°C. The higher
temperature enhances the growth of Pb-reduced structure,
Pb(Mgy/3,Nb,13);0,. Typical sputtering conditions are
shown in Table 1. The optimum growth temperatures
showed a narrow window of 500 to 550°C. The sputtered



thin films were quenched after the deposition in air in
order to reduce the re-evaporation of lead and/or to
suppress the growth of the pyrochlore phase during
cooling down stage.

Table 1. Sputtering conditions

Target*! mixed powder: PbO, MgO, Nb,Os, PT

Substrates*? La-0.75wt% doped(001)ST, (001)MgO
Buffer layer (110)SRO, (001)PLT

Sputtering gas 0.5 Pa (Ar/0,=20/1)

Growth temp 500-600°C

Growth rate 5-15 nm/min

Film thickness 20-8000 nm

Quenching rate  100°C/min. in air

*! Typical composition: stoichiometric + 10%PbO
*2 Conductive base electrode: (001)Pt for (001)MgO

STRUCTURE AND FERROELECTRIC PROPERTY

Figure 1 shows typical XRD patterns of the
sputtered 0.67PMN-0.33PT (PMN-33PT) thin films on
the (001) MgO substrate. The XRD ©-2@ pattern
showed the sputtered film was highly (001) orientation
(Fig.1a). The pole figure of the (110) direction showed a
strong four-fold intensity describing 3-dimensional
epitaxy (Fig.1b). The similar epitaxial properties were
also observed for the different substrates.

The lattice parameters of the sputtered PMNT thin
films for different substrates are shown in Table 2. It is
noted the lattice parameters of the PMNT thin films are
almost the same to the bulk lattice values independent of
the substrate lattice parameters. The sputtered PMNT
thin films are almost relaxed and show stress free
structure.

Table 2. Lattice parameters of sputtered PMNT thin
films for different substrates.
a-lattice (nm) c-lattice nm
Bulk PMN 0.405 0. 405
Thin Films
(001)MgO 0.405 0.406
(001)Pt/(001)MgO  0.405 0.406
(001)SrTiO; 0.405 0.406
Substrates
MgO 0.420 0.420
SrTiOs 0.3905 0.3905

The cross-sectional SEM and TEM images show
that the sputtered PMNT thin films exhibit continuous
single crystal-like structure without grains and/or
interfacial dislocated layer between the PMNT thin films
and the substrates as seen in Fig.2. These structural
analyses describe the sputtered PMNT thin films
comprise bulk like single crystal structure without stress.
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Figurel. Typical XRD patterns of the sputtered PMN-33PT thin
films on (001)MgO substrates  ( film thickness: 2.3um).
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Figure 2. Cross-sectional SEM and TEM images of
(001)PMNT thin films on (001)ST: (a) SEM image(film
thickness: 1170nm), (b) TEM lattice image with SAD
patterns at interface (film thickness:300nm).



The TEM images suggested the point defects were
present at the interface between the thin films and the
substrates. However, the dislocated interfacial layer
could not be observed [10].

When the film thickness of heteroepitaxial PMNT
thin films exceed a critical values, typically 2 to 3 um, a
small high angle grain grow from the interface between
the film and the substrates probably for a reduction of the
stress accumulated in the films. The typical SEM image
of the grain is shown in Fig.3a. The growth of the grains
could be suppressed in a multi-layered structure shown
in Fig.3b. The layered structure is fabricated as follows:
(1), a 1° " layer of around 1um thick, i.e. below the
critical thickness, is deposited at 550°C and the film is
quenched to room temperature in air. (2), after several
hours later of the 1% deposition, 2" layer of PMNT
of around 1pum thick is deposited on the 1% layer. It is
interested the growth of the high angle grains is
suppressed in the layered structure. The stress will be
relaxed at the interface between the layers. The
multi-layered PMNT thin films exhibit stress free single
crystal structure. We have confirmed the single crystal
PMNT thin films of 8um in thickness fabricated in the
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Figure 3. Cross section and top surface SEM images of
PMNT single layer, Fig.3a, PMNT multi-layer, Fig.3b.

multi-layer structure. The multilayered epitaxial process
is available for a deposition of single domain /single
crystal thick films of smooth surface without the growth
of grain.

Dielectric properties of PMNT thin films were
evaluated in the Pt/PMNT/(110)SRO/(001)Pt(001)MgO
heterostructure. Typical P-E curves are shown in Fig.4.
The Pr increases with the addition of PT into PMN
similar to the bulk materials. Electromechanical coupling
k; was measured by a resonance spectrum method [11].
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Figure 4. Typical P-E curves for PMNT thin films on
(001)MgO  substrates: (@) PMN thin films, (b)
PMN-33PT thin films.

Planar PMNT thin film BAW resonator was
fabricated for the measurement of the resonant spectrum
[12]. Typical resonant spectrum for the PMN-33PT thin
films of 2.3um in film thickness is shown in Fig.5. The
resonant frequency was observed at about 1.3 GHz
indicating the longitudinal phase  velocity of 5500 to

2 4 6 8 10
Fregencry [GHz]

Figure 5. Typical resonant properties of PMN-33PT thin
film planar BAW resonator.



6000m/s. The multi-reflection mode superposed on the
main  spectrum was caused by the acoustic
multi-reflection of a longitudinal standing wave excited
in the MgO substrate. The electromechanical coupling k;
evaluated by the Mason’s equivalent circuit was about
45% at the resonant frequency of 1.3GHz with £33’
=500, Qns=2000, Qmp=20, where Qms and Qp, are
mechanical Q values of the MgO substrate and PMNT
thin films, respectively.

DISCUSSIONS

It is known to sinter pyrochlore free bulk PMN,
magnesium and niobium oxides are first to form the
columbite MgNb,Og and then followed by a reaction
with lead oxide [13]. The present sputtering process
achieves the direct synthesis of the perovskite without
the prereaction process. It is described sputtering
deposition at epitaxial temperature followed by
quenching after the epitaxial growth achieves the growth
of c-axis single crystal PMNT thin films of bulk like
high density structure independent of the lattice
parameters of substrate crystal. The multi-layered
structure provides stress reduced and/or stress free single
crystal PMNT thin films without interfacial layer. The
film surface was smooth without visible crystallites. The
structural properties are different from the structure of
PMNT thin films provide by a conventional deposition
process. The bulk PMN shows cubic structure at room
temperature. The structure of PMN thin films shown in
Table 2 is almost the same to the bulk PMN except a
small enlargement of c-axis. The bulk PMN-33PT shows
rhombohedral and/or mixture of rhombohedral and
tetragonal structure [14]. The lattice parameters of the
present PMIN-33PT thin films are shown in Table 3.

Table 3. Lattice parameters of PMN-33PT thin films
on (001)MgO(2.3 um in thickness).

Thin Films Bulk PMN-33PT[13]
PMN-33PT Rhomb. Tetra.

a 0.4012 nm 0.4024nm 0.4018nm
b 0.4018 0.4017 0.4018
c 0.4049 0.40178 0.4041
o 90.003° 89.910°
B 89.799°
\V4 90.024°

The lattice parameters indicate the possible
structure of nm, ¢=0.405nm, o =3 =y =90° and/or
monoclinic structure, i.e. B3=Yy=0. It is reasonably
considered the in-plane structure of heteroepitaxial

films is governed by the substrate surface structure. If
the structure of substrate crystal is cubic, [3=y=90°
for the epitaxial films, even if the bulk structure is
rhombohedral. If the epitaxial films on cubic substrates
show the rhombohedral structure, the epitaxial films
surely include interfacial dislocated layer. So, it is
reasonably understood present quenched PMN-33PT
thin films do not show rhombohedral structure but
tetragonal and/or monoclinic structure, i.e. [3=y=90°.
The fact the quenched epitaxial PMNT thin films on
different substrates show the same in-plane lattice
close to bulk lattice parameters is considered as
following growing process of the heteroepitaxial PMNT
thin films. The crystal structure of the PMNT thin films
during growing stage will be c-axis oriented tetragonal
form, since the c-plane is the densest package plane.
At the growing stage the film structure is not tightly
governed by the substrate lattice. Their lattice spacing
is almost the same to their bulk lattice values
regardless to the substrate lattice spacing. The
quenching surely freezes the crystal structure of the
growing stage. The polar axis of the PMNT is c-axis.
The high electromechanical coupling will be observed
for the quenched PMNT thin films, although the crystal
structure of the PMNT thin films is modified from bulk
rhombohedral structure.

These expectations have been confirmed by the
measurements of electromechanical coupling at PMNT
thin film planar bulk acoustic wave resonator FBAR.
The electromechanical coupling of the PMNT thin films
was 45  at 1.3 GHz. The value is almost the same to
the bulk value, i.e. 47% for rhombohedral structure [15].
Slow cooling after the film growth is conventionally
used for the epitaxial growth. The crystal structure and
the lattice parameters are fully controlled by the
substrate lattice structure during the slow cooling
stage [16]. The present quenching has prohibited the
growth of the conventional epitaxial mode. The high
electromechanical coupling of the present PMNT thin
films has been confirmed by the measurement of
piezoelectric constant of d and/or e values. The e
values were measured by a deflection of cantilever [17].
The cantilever comprised MgO beam deposited PMNT
thin films of 2 to 3um in film thickness. The thickness
of MgO was 0.3mm with 2 mm width. Base electrode
and top electrode were sputtered Pt films. It was found
the deflection of cantilever beam was 1 to 5um at 10V
for 7mm in beam length, which corresponded e;;=- 5 to
-8(C/m?). These values are same order or higher than
bulk PZT ceramics bimorph cantilever [18].

The higher coupling thin films and/or higher Q
thin films will be achieved by a selection of chemical
composition of the piezoelectric films. Complex
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Figure 6 P-E hysteresis curve of Sr-doped

PMN-PT-PZ thin films on SRO/Pt/(001)MgO. (film
thickness: 1.9um).

composition with small additive is used for the bulk
ceramics  piezoelectric  materials. The present
sputtering process easily achieves the complex
composition using powder target. Figure 6 shows an
example of ferroelectric properties of complex
compound PMN-PT-PZ with addition of Sr [19].

Excellent ferroelectric P-E curves with large Pr
was observed. In the bulk materials the addition of Sr
increases the dielectric constant. The present
sputtered PMN-PT-PZ films also show the increase of
dielectric constant with the addition of Sr. The
selection of chemical composition with variety of small
additive will achieve the well-designed ferroelectric
thin films including dielectric properties, piezoelectric
properties, and mechanical properties for  the
fabrication piezoelectric thin film devices. For the
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Figure 7. Typical XRD pattern of quenched thin
PMN-33PT thin films (film thickness: 300nm).

fabrication of FBAR of GHz operation the thickness of
the piezoelectric thin films is smaller than 1um.
Absence of interfacial dislocated layer is essential.

Figure 7 shows the XRD pattern of quenched
PMNT thin films of thickness below 1 . It is seen
sharp (001)PMNT peak is observed. This suggests the
present quenching process provides high quality thin
PMNT films and the process is one of a candidate for
the fabrication of FBARF of high coupling and/or high
Q perovskite materials.

CONCLUSION

Sputtering deposition followed by quenching
provided stress free/ single c-domain /single crystal thin
films of PMNT. The lattice parameters of the quenched
sputtered films are almost the same to the bulk values
independent of substrate materials. The
electromechanical coupling k; of the PMNT thin films
near the MPB composition was 45% which was almost
the same to the bulk single crystal value 47%. The
selection of cathode target materials provides wide
variety thin films with designed composition. The
multi-layered structure is also useful for a fabrication of
thick films of flat surface single crystal perovskite.
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Some Recent Advances in SAW Duplexers and PA
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Abstract— The growth of WCDMA is leading to an increased
interest for duplexers. Addition of new bands andfeatures
continue to drive the need for higher integration ad lower cost.
For duplexers used as discrete components, the gdalto avoid
the addition of external elements. We developed &3.5x1,6 mmnt
LTCC package CDMA duplexer. For modules application a
small 2x1.5x0.5 mm package is used for the SAWSs and external
components are added on a laminate. A CDMA duplexewith
balanced RX output is presented. In order to suppdr100 ohm
output impedance, a new configuration is proposed.Good
isolation and symmetry are maintained. New bands foVNCDMA
have been defined. In particular, for band 4, the tance between
RX and TX band is about 400 MHz. A new ladder archecture
using external inductors to improve isolation is poposed and
demonstrated. PA duplexer modules are presented.h&y allow
for better performances while simplifying the desig for the
phone manufacturer.

I.  INTRODUCTION
TX band | RX band Region Comments
(MHz) (MHz)
1| 1920..1980] 2110..2170, EU, Asia | UMTS band
2| 1850..1910, 1930..199D0 USA PCS band
3|1710..1785 1805..188p EU DCS band
41 1710..1755 2110..2155 USA
5| 824..849 869..894 USA CDMA band
6| 830..840 875..885 Japan Part of CDMA
7| 2500..2570, 2620..2690 Discussed
worldwide
8| 880..915 925..960 EU EGSM band
1750..1785| 1845..1880 Japan Part of DCS b
TABLE I. WCDMA FREQUENCY BANDS

While GSM is a half-duplex system, meaning thatvéch
can separate the TX and RX paths in a mobile, CDm
WCDMA are full duplex systems. Thus, the separatio
between RX and TX must be done in the frequencyailom

and"

using filters, or duplexers. The growth of the WCRMnNd the
emergence of several new frequency bands (see tgble
increase the interest for high performance dupex&G
handsets include typically the four GSM edge baadd
WCDMA band 1 for operation in Europe or WCDMA baad
and 5 for operation in USA or these three bandsvimtidwide
operations.

A general trend in the handset world is the regpiaent of
discrete components by modules [1]. The main adwgnbf
this approach is in the manufacturing of the molpite®nes,
which benefits from a drastic simplification of tR¥ design
effort, allowing for a reduction of the design aydime. In
addition, the reduction of components diminishes th
manufacturing cost. Furthermore, when possiblecthdesign
of various components in a module can give a be#sult.
Opportunities for improvements in over all perforroa are
expected when optimizing for the global specificatirather
than splitting this responsibility between differd@aams. This
trend is also true for both duplexers and PAs, #rel PA
duplexer module solution developed by  TriQuint
Semiconductor.

The way duplexers are implemented is closely rélaighe
way they are used. For discrete devices, the go@l provide
to the customer a complete duplexer solution. Acim&d 5@,
without the need of additional components, is preté The
duplexer needs to integrate the SAW die, an impsglan
inverter and some inductors. The device thicknesdess
critical than for modules application. Several ways possible
to get this result. One approach is to embed the/Ske and
the passive in a ceramic package. This can be diyne
embedding the passive in the ceramic by using th€@
technology, or by adding an integrated passive cdevie
inside the package. Another possibility is to usenall module
approach. The package contains only the SAW dieart be
ounted on a laminate with the extra passive oadiTCC
support for example. It is very difficult to detarma what “the
best architecture” is and the choice is probabffedint from
one company to another, depending on its available
technologies and cost structure. We chose the Lp@tkage
approach mainly because it was the one yieldinglahest
rcost for us.



For the module applications, we developed a vergpact

of synchronous resonators with infinite gratings.phrticular,

2x1.5x0.5 mm ceramic package. Using advanced flip chipthe losses and ripples due to the finite gratinggtle are

process, it is possible to embed the TX and RX Sidthis

package. The impedance inverter as well as extoaungr
inductors are implemented as a part of the moduleao
laminate. To be able to get good duplexer perfooean
requires complete control of the implementation.itA's usual

for RF, the laminate layout has an important impactthe

duplexer isolation. In particular, for duplexer&etground
paths in the laminate and in the package have tcabefully

designed. Another point is the position of the et

inductors on the module and the control of theirtual
couplings. Our experience has shown that best teesuk

obtained when a real co-design of all parts of fadule is

done. In this case, the laminate layout can beudted when
designing the SAWSs.

. SAWDESIGNMODELLING TOOLS

Figure 1. Example of a CRF design inside Microwave OffteThe top
window is the schematic for one track of CRF inahgdseveral gratings and
transducers sections. The left bottom window iscitreesponding layout and

the right bottom window is some simulation response

Two aspects are important when discussing of desigh
modeling tools: the first aspect is obviously ticelaacy while
the second aspect is the integration of the SAWgdesside
the complete design flow. Two main models are uatd
TriQuint to design SAW duplexers. The first mod2|3], so
called harmonic admittance model,
Hashimoto FEMSDA free software [4]. This softwalows
us to compute the harmonic admittance for an igfipilong
periodic grating. By inverse Fourier transform, theitual
admittances from one electrode to another electinglde the
periodic grating are obtained. Then, the admittanfea
synchronous resonator is calculated by summingntiéual
admittances. The summation can also be
advantageously by an integration in the slownessaio [5]
Some numerical problems have to be solved to ggoau
accuracy, in particular the leaky SAW pole hasdcektracted
and its contribution needs to be computed analjgicahe
main advantage of this method is that it takes gtoount
directly for all acoustic modes and in particulae bulk mode
is included. Its main drawback is that it only alfothe analysis

is based on pro

neglected. If the computation time is too long parposes of
optimization, simple perturbation methods may beduso
account for variations of the resonators geometry.

The second model used currently in TriQuint is andrix
model. As described in [6], it is possible to egtrfrom a
harmonic admittance, computed using a FEM/BEM or
FEMSDA model, the dispersion curve for the LeakyVBA
The second step is to compute the P matrix pararfreta this
dispersion curve. The P matrix parameters (refiacti
coefficient, velocity, propagation loss, acoustanductance)
are frequency dependent. It is impossible to sigzprhe
ambiguity between velocity and reflectivity usingilyp a
periodic model and an assumption is needed. Wethseshme
assumption as [6], i.e. we assumed that the réajlect
coefficient is frequency independent.

Under this assumption, it is possible to extracinfrthe
dispersion curve all P matrix parameters. The teasua file
containing the values of the parameters for a sangdl
normalized metal thickness h/2p, duty factor a/pd an
normalized frequency 2pf, where p refers to thehpiThis file
is computed once for each couple of substrate éertrede
material. It is then interpolated to find the paeden for the
actual geometry and frequencies. In this modd, difficult
part is the process of extraction of the dispersiarve. The
solution to this problem must be very robust inesrb be able
to work for a large variety of piezoelectric maddsj metal
thickness, duty factors and frequency. Typicalhe presence
of the bulk mode and of the hybrid mode [7] makdsdky to
write an extraction routine isolating the LSAW modehe
result can be very dependent on the extractionrithgo or
even on its parameters (for instance, convergetitegia).

As shown in [8], it is possible to give a very acde
representation of the harmonic admittance, whictugtes as
well the LSAW, the bulk mode and the hybrid modeerk if
only the LSAW is included in the P matrix model faw, this
allowed us to get a very robust algorithm to extrite
parameters.

The need for a good integration of the SAW desigpist
inside the global design flow led us to integrate &AW
models inside commercial EDA tools [AD% Microwave
Office™] by the way of “Process Design Kits” or “User

Fompiled Models”. In particular, for the P matriodel, we

implemented a transducer as a 4-port model (2ralatports
and 2 acoustic ports). The EDA tool treats the atioports as
electrical ports. This is made possible by defirmgarbitrary
acoustic impedance of The P matrix cascade is then
replaced simply by equivalent electrical connecifgi.

This approach is very powerful in terms of design

replaceghvironment. When the SAW model is implemented Ha t

EDA, all the features of this EDA are directly dahle for the
SAW designer. For example, several optimizers dfedint
kinds are present. It is possible to perform a Mo@arlo
analysis of a module including manufacturing véoiad of the
SAW as well as variations of the other elementsaddition,
the layout is done directly in the EDA, based oa tiesign
parameters. This approach enables a direct linkhéo EM



simulator. The integration of all the elementsted module in
the same tool is also very important for a trudatmration
between the SAW, modules and PA designers.

. CDMA- WCDMA BAND V DESIGNS

A. Discrete solution

For a discrete duplexer component, it is importémt
simplify its utilization and to avoid the need okternal
components. Typically, the duplexer contains a ipigas
element and two or three small inductors conneicisgries of
the shunt resonators. With the increasing number
competitors who are able to manufacture duplexesstimg
technical requirements, the cost continues to becanmore

in even smaller sizes. For this example, the twgi (from
antenna) series resonators of the TX filter areustically
coupled. The filter was designed with the P matrizdel
inside ADS™. EM simulation of the LTCC and die was
performed using HFSY (see figure 3).

The definition of ports inside the electromagnstioulator
is very important. HFS® allows the definition of so called
differential ports. One differential port consistgwo electrical
nodes. It is assumed that all the current comiognfone of
these nodes will enter the second node. If this igood
approximation when a standard resonator is condectehe

aport, it is no more valid when the resonators areuatically

coupled. Similar problem happens when analyzing Hfe
solution we found in this case was to add a “viftteammon

significant factor. Our approach was to use paselements
embedded in a 3x2.5 mMM.TCC package. The main factors
driving the cost are the number of layer in the ICT@nd the
size of the SAW die. We chose to use only four LTI&grs
(counting from the input pads to the bump padgrided the

elements.
o Lo
E fow7 % =

Figure 2. Architecture of the LTCC CDMA duplexer. The twoissr
resonators grouped in ths dashed line box are #callyscoupled to reduce
the die size

reference potential (i.e. adding a metallic padyveen the bus
bars and to define the ports between one bus bartlas
common reference (see fig. 4). Using this method, were
able to reduce the die size down to 1.4x0.9°nfRigures 5-9
show the comparison between measured and simukededs.
The insertion loss is 2 dB for TX and 3 dB for RXile the
isolation is 53 dB in the TX band and 45 dB in ¥ band.

As shown on the figures, the correlation between
measurements and simulation is very good.

The duplexer architecture was chosen to minimizedie
size while maintaining good performance. The aedhitre is
shown on figure 2. To connect the TX and the R¥ffd, an
impedance inverter is needed. Embedding one quarte
wavelength line in the package is a typical sohtitsing
three passive elements (2 capacitors and 1 indumtoP
inductors and 1 capacitor) an inverter may be impleted. By
choosing to use a series inductor between two tapdcitors,
we were able to embed the two capacitors on the SiéaV
From the antenna, the first element for the R>effiis a shunt
resonator, which is able to assimilate one of thens
capacitors required for the inverter. For the Thkefi the first
element on the antenna is a resonator in seridgasthe shunt
capacitor Cp has to be present. A very simple andpact way
to do a capacitor is to place on the SAW die an iDTa
different direction than the used LSAW directiohit$ period
is chosen appropriately, this IDT behaves likegac#or in the
frequency band of interest.

Figure 3. 3D view of the duplexer including the LTCC packagel the die

H

A way to make the die more compact is to use diwous
coupling between series resonators. Typically,ghresonators
have small sizes. When the size is not a condéay, are
generally not laid out one in front of the otheomder to avoid
acoustic coupling between them. Actually, thesenators can
be acoustically coupled without performance 10$$6%if this
is accounted in the model. Furthermore, one of tihe
resonators acts like a reflector for the second whéech results

Figure 4. Detail of the die showing the acoustically couplesonators and
the ports (arrows) in HFS%
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B. Sngle-balanced duplexer

A new requirement is to design duplexers having0@ Q@
balanced output for the RX side while maintaining 60Q
terminations for the TX and antenna ports. Thegeftiie RX
ladder filter was replaced by a coupled resonatiter.f In



addition, the 10Q output impedance makes it difficult to use The input, of the structure in figure 11, is asatea with
the common configuration where the balanced oulplitis  the two outer transducers. The center transducseplit into
implemented using two transducers connected ireseffo  two parts with invert phase and connected in seoethat their
obtain the required output match, we chose toauBX filter ~ common point is naturally at the ground. One adges of
structure where the balanced output is produceda bingle this approach is its lower size due to the suppessf the
IDT (see figure 10). center bump. Even more importantly, the capacitsibetween
(RX Out 1) and (+) and (-) are identical. The two
corresponding spurious are out of phase and caaodl other,
and result in good isolation.

Seen from the antenna side in TX band, the CRF is
equivalent to a small capacitance easy to matdm aviparallel
inductor. The two SAW dies are embedded in our 2xant
package. With two additional inductors, this packags been
mounted on a 3x2.5 nfiaminate. Obviously, as discussed
before, this solution is well suited to integratiara module.

Out

Attenuation (dB)

Figure 10.50 Q output impedance structure 2 tracks CRF

Input

‘ T T T T ‘ T T T T
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Figure 12.TX and RX paths for the single balanced duplexer
(Black=simulation/ red=measurement)

|

20—
RX Out - -30—
~ i
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[
L L ][ 9 b
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Figure 11.Architecture of the RX filter of the S/B duplexer g 60 )
The natural impedance on the output side i€.5The .
reason for this choice is that it is much easieintwease by  -70 /\wj\w LA S e S .
design the impedance from@Qo 10X than to reduce it from 8.0E8 8.4E8 8.8E8 9.2E8
200Q to 10@. The problem with the structure of figure 10 is
that the (out-) connection is very close to one tbé Frequency (Hz)
connections between the tracks so that the capae#a
between the two lines are not negligible, espaciathen Figure 13.RX/TX isolation for the single/balanced duplexer
crossovers are used on the die. This can resigblation and (Black=measurement, red=simulation)
rejection deterioration. In addition, because & phmesence of
the ground connection for the input transducersspace- Very good performance is obtained. The typical rtise

consuming bump is needed between the two tracksavba loss is -1.5 dB and -2.3 dB in the TX and RX band

this, we chose to use a balanced connection bettmeetwo  respectively. A typical isolation of —52 dB in tRX band and
tracks (figure 11). -45 dB in RX band has been demonstrated. In additioe

amplitude imbalance is less than +/-0.5 dB and phase



imbalance is less than +/-3 degrees. Figure 14 shbe/wide
band comparison between the single LTCC duplexdrtha
single balanced duplexer. The TX wide rejectiosimilar for
both duplexers. For the RX path the rejection iprioned by
20 dB at 3 GHz for the single balanced duplexeis Thdue to
the use of CRF instead of a ladder filter.

0

Attenuation (dB)

1.5 2.0 25 3.0

Frequency (GHz)

Figure 14.Wideband comparison of the LTCC (in black) anddimgle
balanced duplexer(in red and blue)

IV. WCDMA BAND 1
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-10
-20 DCS

-30

Attenuation (dB)

-40

-50

NEAVA

1.9

-60

1.7 2.1

Frequency (GHz)

2.3 25

Rx and Tx Path
H2

2.5GHz

10 -25.17 dB

-20

-30

Attenuation (dB)

-40

-50

-60 1
0.1

21 4.1

Frequency (GHz)

6.1

Figure 15.Narrow band (top) and wideband (botton) measursparese for
the WCDMA band 1 duplexer. Blue TX path, red RXipdtlack TX/RX
isolation.

A WCDMA band 1 duplexer was designed and
manufactured for our PA duplexer module (see sectd).

Again, the small 2x1.5 mfris used to embed the SAWSs. The
extra passive components are on the module lamibatiler
filter architectures were used for both TX and RKae
difficulty was to get good insertion loss and isimia while
maintaining a reasonable wide band rejection. Tallyic
adding inductors to the shunt elements helps tardue the
close in performance (i.e. passband and isolatiohjle
producing a degradation of the far out rejectioigufe 15
shows typical results for our band 1 duplexer mesbinside
our PA duplexer module. Typical insertion losses2dB and
2.5 dB for the TX and RX band respectively while fiX/RX
isolations are —54 dB in the TX band, and —48 dBhm RX
band. The TX path has 26 dB of rejection in the Di&28&d.
The TX harmonics are rejected by 16 dB and 20 df, the
RX path exhibits a rejection better that 20 dBap GHz.

V. WCDMA BAND 4 DUPLEXER

An example of a new WCDMA band is band 4. The
bandwidth (40 MHz) is relatively narrow for the H@&range.
Compared to the other bands, an important pointHerband

4 is that the spectral distance between the TXRXdbands is
about 400 MHz, which is 20% of the center frequeaoy
thus very large. If this large distance reduces rimguired
steepness and seems to make the design easiemat ithe
case upon examining the problem in more detail.

LTX

R X Tx
O— 00— 0o \DHDE\D}*@
LRX1§ LRX2 ‘ =
Figure 16.

When using a ladder structure, the best rejectibthe
filters is obtained close to the notches at themasce of the
shunt resonator and at antiresonance of the sexsemators.
For band 4, the RX band is very far from the TX ahd
becomes difficult to meet the rejection and isolati
requirements. It is well known that adding industor series to
the shunt resonators of a ladder filter decreasegdsonance
frequency of the resonator while keeping constaist i
antiresonance frequency. This has the effect diirsfpithe low
side notches of the RX frequency response to lower
frequencies, and permits the design of a duplexéh w
sufficient TX band rejection in the RX path.

Similarly, it is very important to have a good idjen of
the RX band in the TX path. To obtain this resulé chose
again to use inductors to increase the equivalentpltg
coefficient of some resonators. For the TX patls, ifidone by
placing inductances in parallel with the serie®nasors, which
has the effect of increasing the antiresonanceuéecy of the
composite resonant element, while maintaining #somance
frequency. This approach places a notch in the &xb



The chosen duplexer architecture is shown on figéreAgain,
the SAW dies were encapsulated in our 2x1.5°rpackage
while the 4 inductors are externally connected. dglexer is
used in a module. We were able to obtain typicakiition

losses of 1.5 dB and 2 dB for the TX and RX band

respectively. The typical TX/RX isolation is ab&f# dB in the
TX band and 47 dB in the RX band. To be able tosgeh
performances, a careful design of the laminate uay®s the
key. In particular, it is very important to contithle grounding
paths of the duplexer. In addition, it is importamtbe careful
with the layout of the inductors in order to avardiuctive
coupling. Using this approach we were able to obtai
minimum TX rejection of 30 dB, up to 6 Ghz.

Band 4 duplexer
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Figure 18.Block diagram of a PA duplexer module
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Figure 17.Narrow band (top) and wideband (botton) measurspamse for
the band 4 duplexer. Blue TX path, red RX path¢lolBX/RX isolation.

VI. PADUPLEXERMODULES

While first generation WCDMA phones typically used
discrete approach for the front-end, the integratid several
components into PA Duplexer modules (transmit mesiuhas
recently become a widely adopted approach. Typicalth a
module includes an interstage filter, a power afiepli a
directional coupler, optionally a power detectondathe
duplexer, as well as all required matching and iplgas
components (figure 18).

Figure 19.TX-ANT rejection of a complete Band | PA duplexeodule

For the phone manufacturer, this architecture plewi
several advantages:

-The phone design effort is significantly reducell
interfaces are well-defined 80ports, all mutual coupling and
grounding effects are addressed within the modéliso
component count is dramatically reduced.

- The phone PCB area for the WCDMA front-end
reduced. First generation PA Duplexer modules natiegall
above mentioned functionality into a size of onlgx8.0x1.5
mmg3, second-generation module size is 4.0x7.0xIn® and
further size reduction is visible.

S

- Overall electrical performance of the modulenproved
over the discrete approach by carefully alignidgamponents
within the module and by optimizing all internateérfaces.

An example for optimized component alignment isttital
noise performance. The measured noise power arttemna
port and at the RX port of the modulg,p, is a function of the
noise at the input of the amplifierzN the noise generated by
the amplifier Nmp and of mixing effects of the input noise with
the carrier signal. The total noise can be caledlais

Neomp = N IBge + Ny 16, + N, [Gy, (1)

In (1), Gex and Gon, depend on the interstage filter, the
amplifier, and the duplexer while .63 is a function of the
duplexer only. Since all input and amplifier retht@oise
contributions are known during the design phasé@®imodule,

amp



the filters rejection requirements can be optimiresllting in
better insertion loss of the duplexer and therefio e reduction
of the total current consumption of the module.aAsexample,
figure 19 shows the measured wide band rejectican lwdind 1
PA duplexer module.

Another important optimization process during thednie
design is related to the interfaces between theepamplifier,
the directional coupler and the duplexer. The ratur
impedance of the TX port of the duplexer is notassarily
50Q while the required impedance at the PA outpunishie
range of ® for a typical WCDMA amplifier. Since the
presented line up does eliminates the option afguah isolator
between PA and duplexer to achieve load insensitivhis
optimization process takes into account all reguitead
mismatch conditions. Typically this means thatlthearity has
to be maintained even for load mismatch of up t&, 3:
depending on further losses of the overall frord-en
architecture.

TriQuint designed and fabricates a complete protinetof
PA duplexer modules. It is applied for CDMA and WKZR in
the cellular, pcs and IMT band 1 frequency rangks.an
example, figure 20 shows a photograph of our bandAl
duplexer module.

Figure 20.Band | PA duplexer module

VIl. CONCLUSION

To serve the growth of WCDMA, a continuous
improvement and size reduction of duplexers is irequ For
discrete solutions, we chose to use LTCC packagedar to
avoid the need for external components. A 3x2.5 ihaplexer
was designed. To reduce the cost, the packageimpkfied at
maximum and the SAW die size reduced. Typical ismiaas
good as 53 dB in the TX band and 45 dB in the RXewe
obtained while keeping 2 dB insertion loss for Tieband and
3 dB for the RX band.

Modules provide for phone manufacturers as wellt cos

reduction as reduction of their design efforts. FRoodules
applications, we use a small 2x1.5x0.5 hpackage to embed
only the SAW dies while the additional passive laid on the
module. To obtain good results it was necessagegign the

module and the SAWSs together. This is made easjer H14]

embedding the SAW models in an EDA tool. We werle &b
design and manufacture a duplexer having a balaftéd
output. A new architecture was presented in ordehandle

band 4 has a very large frequency difference betiieé and
RX. To make a duplexer for this band, a new archite was
defined using intensively inductors to increase é¢heivalent
coupling coefficient of resonators.

Duplexers and PA duplexer modules are a very exgiti
technical field. Designers have to deal with theAB4esign as
well as the PA and the definition of the completedole. All
aspects have a major impact on performance and aflo
possibilities exist to improve the combined perfance. In
future, the co-design of the duplexer and the cetepinodule
is foreseen to become more and more important. Wils
continue to drive the integration trend. In additidhe new
SAW emerging technologies like temperature compensa
and high coupling substrates [11-14] will probalbgcome
more and more common for duplexers.
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ADVANCEMENT OF SAW DUPLEXER BY USING Si0O2
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Abstract — We have studied a method to improve and
enhance the characteristic of SAW filter by using SIO2.
In a standard of Third Generation Partnership Project
(3GPP), there are some operation bands for FDD/CDMA
system. So, the SAW filter which has become widely
used as a key device used in cellular phone is required to
satisfy the specification of every band. However the band
width of SAW filter is amost determined by
electro-mechanical  coupling coefficient (K2) and
temperature coefficient of frequency (TCF) of substrate
material. Then it is necessary to change the material
characteristics of substrate to design filters for several
operation band. Againgt this background, we paid
attention to temperature compensation technology using
SiO2. It has been known that low TCF can be realized
with SiO2. Additionally, K2 aso changes because of
SiO2 coating.

In this paper, we will show the possibility to redlize
the resonator characteristics by coating LiTaO3 (LT) or
LiNbO3 (LN) with SIO2 which can be applied to SAW
duplexer of severa operation frequency bands in 3GGP
standard.

I. INTRODUCTION

The antenna duplexer, which is needed to transmit
(Tx) and receive (Rx) signals simultaneoudly, is an
essential device for the cellular phone in FDD
communication. Because antenna duplexers require
high quality characteristics that are low insertion loss
(IL), high attenuation (ATT) and high power durability,
dielectric types have been used conventionaly.
However, recent improvements of the quality of SAW
filters lead to emergence of SAW antenna duplexersin
800 MHz applications [1]. However, in a standard of
Third Generation Partnership Project (3GPP), there
are some operation bands for FDD/CDMA system
(Table 1). So, the SAW filter is required to satisfy the
specification on every band with high quality.

A SAW filter is a filter using a characteristic of
piezoelectric material and the performance of SAW

Tablel. UTRA Fdd frequency bands

. relative .
Speratio {Tx Band? | ¢Rx Band} | pass band relative
band width duplex gap
Band [ | 1920-1980 | 2110-2170 | 253% 5.36%
Band T |1850-1510[15930-15580 [ 313% 1.04%
Band I |1710-1785 | 180516880 [ 418% 111%
Band IV | 1710-1755 [ 2110-2155 2.33% 18.37%
Band ¥ 824-849 B865-854 291% 2.33%
Band VI 830-840 875-885 117% 4.08%
Band VI | 2500-2570 | 2620-2680 [  270% 1.93%
Band VI | 880-915 925-060 3.50% 1.09%
Band { |1750-1785 | 184516880 [ 1.93% 3.31%

filter is amost determined by a substrate materia
property and the design. Especially, in resonator type
like DMS-type and Ladder-type SAW filter, the band
width is amost determined by electro-mechanical
coupling coefficient (K2) and temperature coefficient
of frequency (TCF) of substrate material. One of the
reasons for realizing the SAW duplexer for 800 MHz
applications, which corresponds with Band V, is that
K2 and TCF of 36-48°Ycut LiTaO3 substrate suited
frequency allocation of band V. However the situation
is different in other FDD/CDMA operating frequency
bands. Thus the technology to control K2 and TCF of
substrate material is needed. From the tablel, the
small TCF and steep skirt characteristic are needed to
redize the SAW duplexer for operating band 11, 111,
VIl and VIII(Figurel-a). It is necessary to strike a
balance between bandwidth and TCF to form required
pass-band and rejection-band width for operating band
[, 1V, VI and IX(Figurel-b). Against this background,
many researchers have tried several methods to
change k2 and TCF of substrate materia [2][3]. We
paid attention to temperature compensation
technology using SiO2. Although this method might
improve the TCF, SiO2 degrades the performance of
SAW devices. It has never put into practical use. In
case of the conventional technique, the degradation of
Q-factor at anti-resonance frequency (Qp) is the most
serious problem. From our experimental results, the
shape of SiO2 has seemed to play an important rolein
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this phenomenon. In order to overcome this problem,
we have tried not only to form high quality SiO2 layer
but also to control the cross-sectional structure of the
SiO2 layer. They are achieved by an advanced
deposition method that we developed. The purpose of
this study is to investigate how the layer-profile of
SiO2 affects the characteristics of 1-port resonator and
how to get useful SAW resonators which can be
applied to SAW filters for SAW duplexers.

1. Conventiona SAW RESONATORSHAVING
SO2/IDT/LiTaO3 STRUCTURE

For investigating influence of SiO2 coat on the
characteristics of SAW device, we employed the
synchronous 1-port SAW resonator as a test device. A
SiO2 thickness was optically measured on the square
pattern that was located close by the test SAW
resonator. The sectiona structure of the test SAW
resonator isillustrated in figure 2.

<—|—>

Si OZl ‘
hsio2
Pmet \
Substrate T

(a)|DT/refractor (b) Square pattern

Fig.2 A sectional structure of test device

[1-1. SO2 coat using conventional RF-sputtering
Figure 3 (@) and (b) shows the variations of
transmission characteristics of SAW resonator having
IDT/LT dtructure and SIO2/IDT/LT structure with
different hmet, respectively. Both minimum IL of the
SAW resonator with and without SIO2 structureis
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Fig. 3 Transmission characteristics
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Fig. 4 Minimum insertion loss  Fig- 5 Qp of the SAW resonator
with SO2/IDT/LT structure

shown in figure 4, and Qp of SAW resonator with
SiO2 structure is shown in figure 5.In case of SAW
resonator without SiO2, the characteristic of
anti-resonant frequency becomes to deteriorate after
peaking in hmet/l = 4% with hmet/l increasing.
Minimum IL becomes small with hmet/l increasing.
On the other hand, in case of SAW resonator with
SiO2, The characteristic at anti-resonant frequency
(fp) is deteriorated with increase in hmet. Especialy,
Qp is deteriorated remarkably over 3% of hmet/l .
Figure 6 shows the reflection coefficient (| r [) roughly
estimated from resonant frequency and frequency of
spurious which appears at higher frequency than fp.

| r | of SAW resonators with SiO2 increases more than
those of SAW resonators without SIO2 as the hmet/I

increase. The acoustic impedance of SiIO2 is similar to
that of Al. Then, if IDT/reflector is embedded in SIO2
and the SIO2 layer is formed homogenously on SAW
propagation path, the factors of discontinuity in SAW
propagation is almost only electric-loading effect.
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— 02 - <= e
01 - E Iy
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0% 2% 4% 6% 8%  10%
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Figure 6. The reflection coefficient (| r |)



Therefore, in this case, | r | of every SAW resonator
with every hmet/l would becomes almost the same and
smaller than that of SAW resonator without SiO2.
However the results of our experiment were much
different from anticipated results. To investigate the
reason for this inconsistency, we observed the
cross-section views of some test resonators (Fig.7).

(a) hmet/l :2%

T

(b) hmet/l :4%

‘, 5 . S,

(d) hmet/l :10%

S

(c) hmet/l :7%

Fig. 7 Cross-section views of SIO2IDT/LT structure SAW
resonators of which SO2 was coated using
conventional RF-sputtering instrument. (hgoo/l =20%)

From figure 7, it can be seen that the layer-profile of
SiO2 depends on the hmet. As the hmet becoming
thicker, the thickness between top and bottom of
convexoconcave of SIO2 becomes thicker. Especially,
clear another actua reflection surface, which is
different from the edge of IDTg/reflectors, seemsto be
formed in over 4% hmet/| .

I1-2. SO2 coat using advanced deposition method
From the experimental results shown in previous
section, it seems that hmet/l should be less than 4% to
get agood Qp performance in SIO2/IDT/LT structure.
However, the resistance of Al thin film which is less
than approximately 150nm dramatically increases due
to thin film effect. In the GHz band SAW filter,
hmet/l <4% correspond to thickness of less than
100nm. The increasing of IL with change of hmet/l in
the resonators without SIO2 are caused by the
increasing of electric resistance (Fig.4). Then both the
control of shape of SIO2 not to form another reflection
surface which is different from the edge of
IDTdreflectors and the thick IDT would be necessary
to enhance both Qp and Qs of SAW resonators with
Si02. Thus we have developed an advanced
deposition method to control a shape of SIO2 layer,
which covers the thick IDTd/reflectors. Figures 8(a) to

deposition conditions. The hmet/| and the hsio2/l of
resonators, of which cross-sectional views are shown
in figure 8, are 7% and 20%, respectively. By
changing the deposition conditions of advanced
deposition method, the convexoconcave of SiO2
becomes smaller and smoother in spite of every test
resonator having the same hmet/l ?and the same
hsio2/l . The transmission characteristics of these
resonators and the dependence of Qp on the deposition
conditions are shown in figures 9(&) and (b).
Additionally, the dependence of K2 and | r | on the
deposition conditions are shown in figures 10 and 11,

respectively.

(b) Condition: B

(d) Condition: D

(a) Conditid“h’: A

e

(c) Condition: C

Fig. 8 Cross-section views of SIO2IDT/LT structure SAW
resonators of which SiO2 was coated using advanced
deposition method. (hmet/l =7%, hsio2/l =20%)
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8(d) show the cross-sectional views of IDT of four test
resonators, which are coated with SiO2 using this
advanced deposition method under different

Fig. 10 The dependence of K2 Fig. 11 The dependence of | T |
on deposition condition on deposition condition



Both Qp and K2 were improved dramatically as the
convexoconcave of SiO2 surface profile becomes
small and smooth. At the same time, | r | decrease
predictably. In case of deposition condition D, the | r |
is nearly equal to SAW resonator without SIO2 which
has 4% of hmet/l . | r | is important factor for SAW
resonator, and a suitable value is required. From point
of view of Qp and K2, a flat surface of SIO2 layer
seems better in this system of SIO2/IDT/LT, but a
certain convexoconcave of SiO2 is needed to get
suitable | r | for SAW resonators [4].

Figure 12, 13 shows the dependence of Q-value and
K2 on hsio2/l in case of deposition condition D.
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The TCF variations at fr as a function of hsio2/I
in case of SIO2 deposition conditions D is shown in
Figure 14. Under this sputtering condition, every Qp
was over 600 and Qs was the best in case of hSIO2/l =
20%. It has been reported the Qs is a function of
electrode thickness and cut angle of substrate with the
exception of electric resistance [5]. So we guessed
there was some relationship between surface profile of
SiO2 and cut-angle of LT substrate. Figure 15 shows
the Q-factors of SAW resonators with SIO2/IDT/LT
structure with different cut-angle LT. In Fig.15, every
SAW resonator has hSIO2/I = 20%, hmet/l =7%.
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Fig.15 The relationship between Q-factor and cut angle of
LT in case of hSiO2/l = 20%, hmet/l =7%
(deposition condition of SIO2 is D)

In this system, the best value of Qs was gotten around
37 degree and Qp isincreasing as a cut angle becames
higher. We think the Qs depend on the profile of SiO2.

Concerning K2, it can be seen that K2 becomes small
as hsio2/l becomes large. And concerning TCF, it is
improved as hsio2/l becomes large. Especidly,
zero-TCF a fp can be achieved a hsio2/l of
approximately 30% in SAW resonator with hmet/| of
7%. From these results, we believe it is possible to
realize a SAW resonator with steep cut off
characteristic and small TCF through the optimizing
the K2 with high-Q by controlling hSiO2/I , hmet/l ,
cut angle of LT and SiO2 shape in this SIO2/IDT/LT
system.

[11. Band Il (PCS) SAW Duplexer

We have applied SAW resonator with SIO2/IDT/LT
structure mentioned in section | to Band 1l (US-PCS)
SAW duplexer. In the case of ladder-type filter, a
higher frequency part of the pass-band and attenuation
characteristics of filter is to be mainly determined by
the resonators that are located on series arms. Then,
the rough estimation of the hsio2/I of resonators with
SIO2/IDT/LT structure that are used for series arm
resonatorsin Tx filter, is given as follows (Fig. 16,17),

a<PzZD/fc<b
where

PZD =fa—fr

fr: resonant frequency,

fa: anti-resonant frequency
fc: center frequency
a=[(Al2)+C/2)]/fc
bZ=[(A/2)+B-(C/2)]/fc



A = pass-band width (60MHz)

B = cross-band width (20 MHz)

C = frequency drift on temperature change
[TCF x (85°C-(-35°C)) x 1920MHZ]
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Fig.17 The rough standard of the extent of the PZD of
resonators that are used for series arms in Tx
filter

To take dl data shown in Fig.17 into account, the
resonator with SIO,/IDT/LT of hmet/l = 7% and
hSiO2/I = 20% is selected for the resonator of filter
used in USPCS SAW duplexer. The frequency
characteristics of the filter used such resonators at -30
°C, 25°C and +85 °C and temperature characteristic
are shown in Figures 18(a) to (d).

The Tx filter has an insertion loss of 2.7dB at the
Tx pass band, and a rejection of 42dB at the Rx band
at 25°C. The Rx filter also has an insertion loss of
3.6dB at the Rx pass band, and a good rejection of
52dB at the Tx band at 25°C. Concerning isolation
characteristics between Tx and Rx, attenuations at the
Tx/Rx bands were 55dB/46dB at 25°C. TCF of Tx/Rx
filters at center frequency were -14.4/-15.6ppm/°K,
respectively. TCF at center frequency of Rx filter isa
little bit larger than that of Tx filter. However, TCF of
critical frequency region of Rx filter, which is the
cross-band between the Tx pass band and the Rx pass
band, is smaler than TCF at center frequency. It's
owing to this small TCF, the US-PCS duplexer shows
good performance over the whole operation
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Fig.18 Frequency characteristics and Temperature characteristics
of USSAW duplexer using SAW resonators with
SIO2/IDT/LT structure

temperature range from -30°C to +85°C. The insertion
losses of Tx/Rx filter & the pass bands were less than
3.50B/4.0dB. The attenuations at the rejectionbands
were more than 50dB/40dB over the whole operation
temperature range. Concerning isolations at the Tx/Rx
bands were more than 53dB/44dB, respectively.

IV. SAW RESONATORSHAVING
SO2/IDT/LiNbO3 STRUCTURE

In section 11, we discuss SO2/IDT/LT structure. We
show that SAW filter with steeper characteristic and
smaller TCF than conventional SAW filter using LT
are redlized by controlling a shape of SO2 in that
structure. However, SIO2 coat makes K2 be small.
Thus we have tried to cover LN with SIO2 to get
larger K2 substrate than SO/IDT/LT. Figurel9(a)
shows the relationship between K2 and cut angle of
LN in SIO2/IDT/LN concerning hmet/I = 3% and 5%.
We used conventional RF-spattering instrument for
depositing SIO2 here. Figure 19(b) shows the
minimum insertion loss of every sample. From fig.19
(a), K2 isincreasing as cut-angle of LN is decreasing,
and K2 which is larger than that of SO2/IDT/LT can
be gotten at lower than 41 degree. A difference of
minimum insertion loss between the SAW resonator
with electrodes thickness of hmet/| =3% and that of
5% becomes small with the cut-angle of LN becoming
lower. At the low cut-angle such as 5 and 15degree,
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the difference of insertion loss between the electrode
with hmet/l =3% and that with 5% seems to come
mainly from the difference of electrical resistance
between them. Y11 characteristic of the SAW
resonator with SIO2/IDT/LN structure using 15 degree
cut LN was shown in figure20.
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Fig20 Y11 characteristic of SiO2/IDT/LN
structure using 15 degree cut LN
(Si02 was deposited by using
conventional RF-spattering instrument)
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The characteristic around anti-resonant frequency
of the resonator with hmet/I =5% is better than that
of the resonator with hmet/| =3% despite of thicker
electrode in this SIO2/IDT/LN system. This tendency
is different from case of SIOZ/IDT/LT structure.
Additiondly, there is comparable large spurious about
7.0 dB isfound at lower frequency side of fr of SAW
resonator in case of hmet/l =5%. This spurious seems
to come from response of Rayleigh mode by judging
from propagation velocity [2]. This spurious makes a
characteristic of filter which consist of these
resonators deteriorate. For suppressing this spurious,
we tried to apply the shape of SiO2 control technology
mentioned in previous section. The result is shown in
figure21. A spurious was suppressed to 1.7dB and the
distance between resonant frequency and spurious
became wider. Additionally, we confirmed the K2 and
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Fig21 Y11 characteristic of SiO2/IDT/LN
structure using 15 degree cut LN
(SiO02 was deposited by using advanced
RF-spattering instrument)

insertion loss was amost same the SAW resonator
with SiO2 which is deposited using conventional
sputtering instrument. In this case, TCF was
approximately -40ppm/K. This resonator is available
to design afilter for duplexer of Band I.

V. CONCLUSION

We havetried to change the characteristic of SAW
resonator by using SiO2 coating technology in order to
realize SAW duplexer for several operation bands. As
the results, we realized the characteristics of the SAW
resonator with small TCF and steepness by using
SIO2/IDT/LT system. We redlized the characteristics
of the SAW resonator with high K2 by using
SIO2/IDT/LN system as well. In our series of study,
SiO2 layer-profile control technology played
important roll to get a high performance SAW
resonator with high-Q and low insertion loss in
SiO2/IDT/substrate  system. We aso show the
usefulness of advanced sputtering instrument we
newly developed to control a shape of SIO2. We
believe SAW duplexers for several operating band in
3GPP standard are realized using this technology.
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Abstract— Small sized surface acoustic wave (SAW) du-
plexer for wide band code division multiple access (W-
CDMA) system with a good temperature coefficient of
frequency (TCF) and good frequency characteristics has
been required. However, the size of conventional SAW
duplexer for W-CDMA using Al-electrode/50-70°YX-
LiNbOj3 is large (3.8x3.8mm?) and its TCF is not good
(-80ppm/°C). So, this duplexer can’t satisfy its severe
specifications in the all temperature range from -30
to 85°C. When SiO; film is deposited on this sub-
strate to improve the TCF, the frequency characteris-
tics is deteriorated by convex portions on the SiO; sur-
face caused by SiO; sputtering. This time, by apply-
ing a flip chip bonding process, a flattened-SiOs/Cu-
electrode/substrate structure, and a YX-LiNbO3z sub-
strate, a small sized (3x2.5x1.2mm?%) SAW duplexer hav-
ing good characteristics (such as low insertion loss and
large attenuation) and good TCF has been realized for
the first time. Here, the SiO; film is used to improve the
TCF, the flattened-SiO2 to obtain high Q, the thick Cu-
electrode to obtain the large reflection coefficient, and the
YX-LiNbOg3 substrate to obtain the large coupling factor
and not to generate Rayleigh wave which causes spurious
at the SiO2 of 0.3\ and the Cu-electrode of 0.05\.

I. INTRODUCTION

Antenna duplexers composed of dielectric ceramic res-
onators have widely been used for mobile phone systems.
However, the size miniaturization has been strongly de-
manded, because the size is large as 4.0%9.0%2.0mm?3.
So, currently the duplexers consisting of surface acous-
tic wave (SAW) or AIN film bulk acoustic resonators
(FBAR) have been developed actively [1-5]. The pass-
bands of a transmission (Tx) and a receiving (Rx) of
wide band code division multiple access (W-CDMA) in
Japan such as FOMA and Universal Mobile Telecommu-
nication Service (UMTS) in foreign countries are 1920-
1980MHz and 2110-2170MHz, respectively. A transi-
tion bandwidth between Tx and Rx is wide as 130 MHz
compared with that (20MHz) of a duplexer for Personal
Communication Services (PCS) handy phone in US. But
demands for a low insertion loss (as small as possible)
and a large attenuation at the rejection bands (as large
as possible) is very hard. Therefore, in order to realize
their specification, a SAW substrate satisfying both an
optimum electromechanical coupling factor and a good
temperature coefficient of frequency (TCF: a frequency
shift per 1°C) is required. As the temperature changed
by surrounding environment and the heat due to the in-
put power of about 1W causes a large frequency shift of
the SAW duplexer, that duplexer doesn’t often satisfy

their specification in the full temperature range from -
30°C to 85°C. In order to suppress the large frequency
shift and to satisfy their specification, a good TCF is
also required.

An FBAR duplexer of size of 3.8%3.8%x1.4mm?, which
has the TCF of -20 to -30ppm/°C and the insertion loss
at the pass bands/attenuation at the rejection bands
of Tx: 1.6dB/45dB and Rx: 2.0dB/51dB, has been re-
ported[6]. On the other hand, a SAW duplexer using
leaky SAW (LSAW) on Al-electrode/50-70°YX-LiNbO3
substrate has been developed, but its frequency charac-
teristics and its TCF are not so good (Tx: 1.5dB/38dB
Rx: 2.2dB/ 46dB, and TCEF: -80ppm/°C, respectively)
compared with these of the FBAR.

Authors have developed and put to practical use
a small SAW deplexer for US-PCS with a good
TCF and frequency characteristics using a flattened-
Si0;/Cu-electrode/36-48°YX-LiTaOgz structure for the
first time[2][3]. This structure has too small coupling
factor to realize the SAW duplexer for W-CDMA re-
quiring a wide band. In order to realize SAW duplexer
for W-CDMA with good characteristics and good TCF,
authors applied the SAW structure of the flattened-
SiO2-film/Cu-electrodes/YX-LiNbO3 substrate instead
of LiTaO3. As the result, the SAW duplexer for W-
CDMA 60MHz Full-Band , which has almost the same
insertion loss and attenuation, but better TCF and
smaller size (3%2.5%1.2(height)mm?®) compared with
the FBAR, has been realized. ( As shown in Fig.6,
60MHz bandwidth of W-CDMA in Japan covers three
bands by 20MHz for three mobile communication carri-
ers.)

Il. Substrate for W-CDMA Duplexer

Conventionally, the LSAW on an Al-electrode/50-
70°YX-LiNbO3 substrate has been used as the SAW
duplexer for W-CDMA Full-Band. It has leaky com-
ponent and a bad TCF (-80 to -90ppm/°C), though it
has a large electromechanical coupling factor. So, it is
difficult to realize both a good low insertion loss and a
large attenuation using this substrate in full tempera-
ture range from -30°C to +85°C. Thus, the characteris-
tics of the duplexer using this LSAW is not good com-
pared with that of the FBAR. Authors have investigated
a substrate with suitable electromechanical coupling fac-
tor to satisfy the bandwidth of the W-CDMA duplexer



with the good TCF. At first, authors have tried to ap-
ply the SAW structure of the flattened-SiO,-film/Cu-
electrodes/LiTaO3, which is one for the US-PCS SAW
duplexer developed by authors [2][5], to the duplexer
for W-CDMA. In this structure, the SiO, overlay film,
the flattening SiO, film surface, and the high density
metal electrode are used to improve the TCF, to obtain
high Q, and to obtain a large reflection coefficient with-
out the deterioration in the frequency characteristics,
respectively [2][5]. However, this substrate structure is
not suitable for the W-CDMA duplexer requiring the
wider bandwidth, because its structure has too small
coupling factor. Then, authors tried to use LiNbOg3
instead of LiTaOsz as a substrate of flattened-SiO,-
film/Cu-electrodes/substrate, which has larger coupling
factor than LiTaOgz. Figure 1 shows a coupling factor
of a Rayleigh SAW and a LSAW on SiO,/LiNbOg and
Si0,/Cu/LiNbO3 with the SiO; film of thickness 0 to
0.4\ as a function of 8, where A is a wavelength of SAW
and 6 is an angle of Euler angle (0°, 6, 0°). The 6 +90°
corresponds a rotation cut angle of conventional nota-
tion. The calculation has been based on the reference
[7]. When the LSAW has the lower velocity than that of
a slow shear bulk wave by depositing the SiO, film and
the high density metal electrodes, it becomes an shear
horizontal (SH) type SAW without the leaky compo-
nent. It is called Love wave in this paper. When both of
the thickness of the SiO» film and the Cu-electrode are
zero at about 6 =90°(Y-cut), a spurious response is gen-
erated because the coupling factor of Rayleigh SAW is
not zero. The coupling factor of Rayleigh SAW depends
on the angle 6 , the SiO, film thickness, and the Cu-
electrode thickness. An angle 6 , at which the coupling
factor of Rayleigh SAW becomes zero, shifts to lower
angle as the SiO; film thickness increases as shown in
Fig.1. It is about 100°, when the thickness of SiO, film
is 0.3\ to 0.4\ and that of the Cu-electrode 0. When the
SiO, film thickness is 0.3\ and the Cu-electrode thick-
ness is 0.05)\, the coupling factor of Rayleigh SAW is
about zero, in other words a spurious response is not
generated, and that of Love wave becomes maximum at
about # =90°(Y-cut). So, Y-cut X propagation of Love
wave on the SiO,/Cu/LiNbO3 structure is the best cut
angle. Table I shows the TCF and the coupling coef-
ficient of the SAW substrates tried for the W-CDMA
duplexer. The Love wave on the SiOy/Cu/YX-LiNbO3
structure has similar coupling factor of the LSAW on the
Al electrode/64°YX-LiNbOj3 substrate, which has been
conventionally used for the W-CDMA SAW duplexer,
and the Rayleigh SAW on this structure to generate the
spurious responses has zero coupling factor. So this new
structure is very suitable for the substrate for the W-
CDMA duplexer.

Figure 2 shows the calculated reflection coefficient of
the Love wave on this structure at an electrode fin-
ger when a metalization-ratio of interdigital transducer
(IDT) is 0.5. The enough reflection coefficient as 0.15
is obtained when the thickness of the SiO, film and the

Cu-electrode are 0.3\ and 0.05)\, respectively, though
it is smaller than that of the structure having convex
portions on the SiO, surface. Where the reflection co-
efficient was calculated by reference [8].

0.20
[ Cal
LSAW(Love) SiO./Cu/LN
0.16 - §i0,=0.3% Cu=0.05%
r SiO/Cu/LN e

=
—_
%)

L $10,=0.3% Cu=0.051

$i0,=0.42

Coupling factor : K
<o
=
T

Si0,=0.00 g0y =
0.04 : $i0,=03%

0.00 - - . N e e
0 20 40 60 80 100 120 140 160 180

0,8,0)

Figl. Electromechanical coupling factor of Rayleigh SAW and
LSAW on SiO2/Cu/LiNbO3 or SiO2/LiNbO3 as function of 0 at
(OO’ 0’ OO)'

0.35
0.30 -
S5i0,=0.12
8 o2t \ L
b= Si0 =022 el
= -
S 020t \\
s .-
2 -7
o 0.15 .
[’}
%
o~ 010k Si0,=0.32
0.05 1 1 1 1 1 1
0.00n 0012 0022 0.03%  0.04r  0.05%  0.06)%
Cu thickness
Fig2.  Absolute value of Reflection coefficient of flattened-

Si02/Cu-electrode/YX-LiNbO3z as a function of Cu-electrode
thickness at SiO2 thickness of 0.1\, 0.2\, and 0.3\.

Table I
Properties of SAW substrates for duplexer.
substrate TCF Coupling
ppm(°C) factor k2
Al/64°Y-X-LN -80 0.18
Si02/Cu/36°Y-X-LT 0~-10 0.06
Si02/Cu/Y-X-LN 0~-20 0.15

The Love wave combining all of the SiO; film, the high
dencity metal electrode (Cu-electrode), and LiNbOj
substrate has been reported in 2003 by the authors [9]
and in 2005 by Yamanouchi [10]. However, the reflec-
tion coefficient considering the structure with the IDT
and the flattened SiO; film was reported in the former,
not in the latter.



I1l1. Characteristics of One-port Resonator

Figure 3 shows the measured impedance character-
istics of the one-port resonators composed of an Al-
electrode/64°YX-LiNbO3 substrate and a flattened-
SiOz/Cu-electrodes/YX-LiNbOj substrate structure. A
wavelength of SAW is 1.9um, a number of IDT pair is
120, an aperture is 32um, the thickness of Al and Cu-
electrodes is 0.045X and 0.05\, the thickness of the SiO»
film is 0.3\, and a metalization-ratio of IDT is 0.5. The
frequency of the impedance characteristics has been nor-
malized by the resonant frequency fr (about 1.9GHz).
The latter has wider bandwidth and larger impedance
ratio than the former one. Where impedance ratio
is 20 log(impedance of anti-resonant frequency/that of
resonant one). Figure 4 shows the shifts of the anti-
resonant frequency fa of both resonators in the temper-
ature ranges from -20 to 80°C and Table II shows the
resonant Q values (Qr), the anti-resonant Q values (Qa),
the relative bandwidths, and TCFs of the anti-resonant
frequency of both resonators. Although a spurious re-
sponse appears near of the resonant frequency, it is clar-
ified that the bandwidth, the resonant Q value, and the
TCF of the flattened-SiO,/Cu-electrodes/YX-LiNbOg
structure is considerably improved as shown in Figs. 3,
4 and Table II.

As mentioned above, an angle 6 , at which the cou-
pling factor of Rayleigh SAW shows zero, depends on
the thickness of the SiO, film and the Cu-electrode.
The metalization-ratio of the IDT also influences this
coupling factor. Therefore it is necessary to optimize 6
precisely to suppress the spurious due to Rayleigh SAW
according to the thickness of the SiO; film and the Cu-
electrode, and the metalization-ratio of the IDT.

Figure 5 shows the measured impedance characteris-
tics of the one-port resonators at the various angles 6
of 88, 89, and 90°. The characteristics are normalized
by the resonant frequency of about 1.9GHz. As shown
in Fig.5, it is possible to suppress the spurious response
due to the Rayleigh SAW by fine-tuning 6 without de-
teriorating the main response.
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Table II
SAW properties of Al-electrode/64°YX-LiNbO3 and
flattened-SiO2 /Cu-electrode/YX-LiNbO3 structure.

substrate Qr Qa Band width TCF(fa)
(fa-fr) /fr (ppm/°C)
Al/64°Y-X-LN 155 330 0.063 -80
Si02/Cu/Y-X-LN 310 430 0.066 -10~-20
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IV. Characteristics of SAW W-CDMA
Duplexer

The small SAW duplexer for W-CDMA with good
TCF has been realized by using this structure (flattened-
Si04/Cu-electrode/YX-LiNbO3). The Tx filter of the
duplexer is a ladder type SAW filter composed of four
series arm resonators and four parallel arm resonators.
The Rx filter is also a ladder type one composed of three
series arm resonators and three parallel arm resonators.
Figs. 6 and 7 show the measured characteristics of the
Tx and Rx filters of the newly developed duplexer, re-
spectively. The bands used by three mobile communica-
tion carriers in Japan are shown in Fig. 6 for example.



Full band W-CDMA means the total 60MHz bandwidth
of these three bands. The duplexer has good character-
istics. The insertion loss of the Tx filter at the Tx band
and the attenuation at the Rx band are comparatively
good as 1.6dB and 45dB, in the full temperature range
from -30 to +85°C. The insertion loss and the atten-
uation of Rx filter are also good as 2.0dB and 50dB,
respectively, in the same temperature range. The fre-
quency characteristics of this SAW duplexer are almost
same compared with those of the FBAR.
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Fig6. Tx filter characteristics of newly developed SAW duplexer
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Fig7. Rx filter characteristics of newly developed SAW duplexer
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Figures 8 and 9 show the measured characteristics
of the Rx filters of the conventional duplexer com-
posed of the Al-electrode/50-70°YX-LiNbO3 and newly
developed one composed of the flattened-SiO,/Cu-
electrode/YX-LiNbOg at the temperatures of -30°C,
25°C and 85°C, respectively. Though the duplexer com-
posed of the Al-electrode/50-70°YX-LiNbOg shifts sig-
nificantly by the temperature change, but that com-
posed of the flattened-SiO,/Cu-electrode/YX-LiNbOg
shift slightly. By depositing the SiO, film of thick-
ness 0.25), the TCF of the duplexer has been improved
as -10 to -20ppm/°C which is about one-fourth of the
conventional duplexer composed of the Al-electrode/50-
70°YX-LiNbO3. The package size of this duplexer

is very small as 3.0%2.5%1.2mm3. The TCF of the
newly developed SAW duplexer is better compared with
that of the FBAR. The size is very small compared
with those of the FBAR duplexers (3.8%3.8x1.4mm?)
and the dielectric ceramic duplexers(4.0%9.0%2.0mm?).
The small SAW duplexer for 60MHz Full-Band W-
CDMA having the good characteristics, the good TCF,
the small size has been realized for the first time in the
world. Moreover, a reliability of power handling and a
climatic reliability have been guaranteed at a practical
use condition.
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Fig8. Rx filter characteristics of conventional SAW duplexer at
-30°C, 25°C, 85°C.
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Fig9. Rx characteristics of newly developed SAW duplexer at
-30°C, 25°C, 85°C.

V. Conclusion

By using the Love wave and by combining the
flattened-SiO, film, the high density metal (Cu) elec-
trode, and the YX-LiNbO3 substrate, a new SAW sub-
strate structure having a good resonant Q value, a good
TCF and an optimum electromechanical coupling factor
suitable for the W-CDMA duplexer have been obtained.
By composing this structure, the new SAW duplexer
for W-CDMA with 60MHz Full-Band having the good
frequency characteristics and the good TCF (-10 to -
20ppm/°C) and the small size (3.0%2.5%1.2mm?) has
been realized for the first time. The frequency charac-
teristics are almost same, the TCF is best (smallest),



and the size is smallest compared with conventional du-
plexers.
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Abstract— Interface acoustic waves (IAW) propagate along
the boundary between two perfectly bonded solids.df a loss-less
IAW, all displacement fields are evanescent alondhé normal to
the boundary inside both solids, but a variety ofdaky IAWSs also
exist depending on the selected combination of maials. When
at least one of the bonded solids is a piezoelectrthe IAW can be
excited by an inter-digital transducer (IDT) located at the
interface provided one can fabricate the transducerand access
the electrical contacts. Since the IDT always exhits a finite
thickness, this must be properly taken into accountin the
fabrication of actual devices. We discuss here tHabrication and
characterization of IAW resonators made by indirectbonding of
lithium niobate onto silicon. In our fabrication process, IDTs are
first patterned over the surface of a Y-cut lithium niobate wafer.
A thin layer of SU-8™ photo-resist is then spun ovethe IDTs
and lithium niobate to a final thickness below onemicron. The
SU-8™ covered lithium niobate wafer is then bondetb a silicon
wafer using a wafer bonding machine. The stack is fgequently
cured and baked to enhance the acoustic propertiesf the
interfacial resist. Measurements of resonators arpresented with
an emphasis on the dependence of propagation lossggh the
resist properties. Comparison with theoretical comptations
based on our periodic finite element/boundary elen@ code
allows for explaining the actual operation of the dvice

Index terms +AW, wafer bonding, Silicon, LiNbOsg, finite
elements, boundary elements.

l. INTRODUCTION

Wafer bonding for piezoelectric substrates is gulieation
which has the potential to establish a key tectmpoto realize
passive devices for high frequency signal procgssturface
acoustic wave (SAW) devices classically are used tifie
fabrication of frequency references, sensors dredgi Several
points related to aging, Q factor limitation, lowst packaging
or sensitivity to electrical disturbances of theface have to
be enhanced. Interface acoustic waves (IAW) arleatt in
principle able to push back these restrictions. |Afgo named
boundary waves, were first described by Stonele} [1
Theoretical studies and the conditions of existerfdaterface
acoustic waves for some piezoelectric substrate® Heeen
reported [2], [3]. Analysis methods used for SAW&.,i the
effective permittivity and the harmonic admittarm@mputed
within the Blotekjaer approach [4] were extendedA®V in
classical piezoelectric cuts to estimate polamagtattenuation
and coupling [5]. These first theoretical calculatamore or
less meet Hashimoto’s results computed in a venyilai

approach [6]. Also more accurate predictions weteieved
using our periodic mixed finite element analysisihdary
element method (FEA/BEM) computation code to take int
account the actual shape of one transducer’s pgfi8l This
approach provides a better analysis of the actuadicd
operation modes.

Experimental results for IAW were claimed to be afed
with a LiTaQ; substrate covered with a thick silicon oxide
layer [9]. However, we consider that since the bighterface
between Si@air or SiGQ/vacuum is seen by the waves, they
are much closer to Sezawa modes than to actual INute
that other groups progress in the developmentabinglogical
approach capable to provide true IAW devices [10].

Wafer bonding is a promising alternative to the atgion
of thick layers. The main problem while bonding pre-
processed wafers is the effect of surface roughiwsshere
report on the design and the fabrication of a devising a Y-
cut lithium niobate (LiINbG) wafer bonded thanks to a thin
epoxy-based photo-resist layer (SU-8™) to a silicoafer
[11]. The developed process uses IC-compatible micro
machining technologies which permit, in our casaich
fabrication of complete 3-inch wafers and wafer elev
packaging. The presence of this adhesive layer lesiviiee
LiNbO; substrate and the Silicon wafer yields guiding
conditions significantly different than the ideahfer-to-wafer
bounding hypothesis as considered in the Blétekiaédel.
The agreement between theory and experimental semult
finally emphasized.

The first section of the paper shows theoreticalrkwo
dedicated to understand the wave guide operationuating
for the presence of the SU-8 ™ adhesive layeridedatly, one
can see the influence of the bounding thicknestherspectral
density and the electromechanical coupling of &/ Iguided
at the interface. The following part presents tebbgical
developments achieved to build real devices (singbet
synchronous resonators). The third section is déslic to
experimental measurements, emphasizing the pecgénefour
theoretical analysis. As a conclusion, we proposw n
perspectives for IAW-based devices.



Il.  THEORETICAL ANALYSIS 4000

Figure 1. shows a schematic view of the structure | ima-;nnr:rayI E:ﬂ
considered in the analytical simulations. The effettan 3000 -
intermediate layer was studied for the followingusture, I
corresponding to the one of the devices manufagture 8 og00
E 1000
o
% 0
i
SuU-8™ Electrode (Al 1000
< >
a
LiNbOs o 2.35 4 2.45 25
< P > Slowness (107 &/'m)
Figure 2. Resonance calculated by the interfaezt¥e permittivity method
Figure 1. One period of a LINROSU-8™/ Si IAW structure with an by neglecting the SU8 acoustic losses. Losses.afedBA (Q around 2000)
aluminum electrode structured on the LiNv@fer. and are only due to imperfect guiding at the iratest
In practice, the aluminum IDTs are deposited on the
lithium niobate surface. Their actual thicknessastaken into 350
account when simulating using the effective peimijt o0 imaginery Do
method. The silicon in the stack is considered §¥>X§ cut .
semi-infinite substrate, the SU-8™ resist is 1 hick, the =
SiOs layer is a 360 nm thick PVD layer and the lithiumobate ~— o 207
wafer corresponds to (YXI)/128° cut. The paramefelastic, £ 150
dielectric and piezoelectric constants) of the aasi materials E 100
are well-known in the literature, except for the-8W resist. S,
This resist is not dedicated to this type of appilica however % .
we will show that is possible to obtain interfac®astic wave &
devices, although the resist presents more acdostes than -50
a single-crystal material. The SU-8™ resist pararsete 100
(considered as an isotropic dielectric) are aWadt 50
« density 1190 kg/ﬁ,] 23 235 2..4 . 245 25
« Young's modulus  :4.02 GPa, _ Slowness 10 =m "
. Poisson's ratio - 0.22 Figure 3'. Re_sonance galculated_ by the interfacetfle permittivity method
’ by considering acoustic losses in the SW810 Ns/m2). The losses are 0.23
« Dielectric permittivity : 3. dB/\ (Q around 10p
The Young's modulus is particularly low (nearly 3Gés Once those parameters fixed, one can simulatetrihetsre

lower than the lithium niobate 4, SU-8™ is in fact a material (4 pe fapricated. A first computation is perfornmemsidering
far from rigid f_md has very low longitudinal andmsver;e the assembly of (YX) silicon and (YX) LiNbQut neglecting
acoustic velocities. The components of the SU-8™stiela e presence of the adhesive SU-8™ layer and ceniisig
tensor are: 6 = 4.59 GPa, £= 1.29 GPa and thuss& 1.65  gjjicon as perfectly dielectric. A shear-polarizétterface
GPa. mode is found with a phase velocity close to 46@0m.
Simulations first were carried out with differeralves of ~ exhibiting an electromechanical coupling of 4%.rdalticing
SU-8™ losses in order to check the influence ofs thithen the SU-8™ layer significantly change the séct
fundamental but initially unknown parameter. Lossee behavior of the device, showing two modes conthitguto the
measured by a visco-elasticity coefficient so that an harmonic admittance at lower frequencies (phasecitgl
imaginary part is added to the elastic constanbraling to the ~ respectively near 3800nt.and 4200m.4). The slowing down
visco-elasticity coefficient by the angular frequgrproduct: ~ Of the wave is easily explained by the presencthefSU-8™
wn. The simulations depicted in Figure 2 and Figursh@w  adhesive layer for which bulk wave velocities aspectively
that moderate SUS losses (the fitted visco-elagtimefficient N the vicinity of 2000m:3$ (longitudinal) and 1200m’s
is approximately ten times that of silicon) cardi¢éarelatively ~ (shear). Figure 4 compares the two situations Ipemosing
important losses for the interface mode. These tesiill be  the corresponding harmonic admittances.
compared with experimental results.
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Figure 4. Harmonic admittances computed using fheeBjaér model,
without and with the adhesive layer accounted for.

One can note of course the increase of losses altieet
adhesive layer, but also the strong value of
electromechanical coupling coefficient of the setanode
(16%) that approaches the one of the leaky shederoa the

th

free surface of LINbQ(YX) cut. We then compare both cases

of SAW excitation at the surface of semi-infinitdNlbiO; (Y X)
cut and at the Si/LINbO3 interface accounting fog th um
thick adhesive layer. The corresponding harmonicitaince
are reported if fig.5.
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Figure 5. Harmonic admittances computed using fheeBjaér model,
comparison between IDT response on a semi-inf{ivi¥¢) LiNbO3 wafer and
at the Silicon/Niobate interface accounting for dabesive layer.

This plot tends to demonstrate that a wave exhipign
polarization close to the one of the Rayleigh watik exists
but is accelerated at the Silicon/Niobate interfbeeause of
the presence of the adhesive layer, whereas tlky keaear
wave of the free surface is slowed down due tovdrg small
shear velocity in the SU-8™ layer. Consequently,assume
that reducing the SU-8™ layer should increase tlwew
velocities, reduce the shear mode electromechaoaagbling
and yields the spectral behavior of the deviceeslds the one
without adhesive layer. This is shown in fig.6, whéne SU-
8™ thickness has been reduced to 0.5 um, the pamdsg
admittance being compared to the one with 1um t8idk8™
layer.

e

30000

25000

20000

1 15000

1 10000

1 5000

Conductance (S/m)
Susceptance (S/m)

{10

—5000

I] ."I:'=-._p~."“'""'"'—._:
120 140 180 180 200 220 240 2B0 2820

Frequency (MHz)

—10000

Figure 6. Harmonic admittances computed using theeBjaér model,
comparison between IDT response at the Silicon/at®interface for 2
different thickness of the adhesive layer.

It clearly appears in fig.6 that the Rayleigh-likeave
velocity increase whereas its coupling decreasesnwh
feducing the SU-8™ thickness. In the same timeQHactor
of the shear mode tends to increase and its efeetrioanical
factor falls down. Further reduction of the adhesiayer
thickness is expected to provoke the vanishingiefRayleigh
-like wave, the admittance tending asymptoticailytte one of
the Blotekjaér analysis without Su-8™.

To confirm these results, mainly concerning the meanf
the wave and their polarization, we have computed t
harmonic admittance considering the nominal adleekiyer
thickness using our periodic FEA/BEM code [7] and pared
it to the Blotekjaér analysis results. The impleradntesh is
plot in fig.7, giving the definition of the comptitn
conditions.

N N
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Fig.7 Implemented mesh for the simulation of irded wave excitation
and guiding using a periodic FEA/BEM computatiordeo The boundary
numbers correspond to the applied boundary comditid.e. unit voltage
excitation applied on boundary #1 , periodicity ditions applied to
boundaries #4 and #5, radiation in silicon appt@etoundary #3 and radiation
in lithium niobate applied to boundary #2.

Figure 8 shows a very nice agreement between both

theoretical approaches (as expected), the onlgrdifice being
due to the massive electrode taken into accounthi
FEA/BEM computation. We have reported in fig.9 and 10
deformed mesh sequences illustrating the Raylekghdnd
shear mode polarizations. They correspond to a degsition
of one time period in a 4 phase sequengeO(to 374),
providing clear evidence of the above analysishaf wave
polarization. The iso-values correspond to displaa@nalong
x1 (propagation direction). For both modes, theappétion is
general, but one can easily recognize the dominahediptic
(fig.9) and shear polarization (fig.9).
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Fig.8 Comparison between harmonic admittanceseoSit5U-8™/LiNbQ
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I1l.  IAW D EVICE FABRICATION

General wafer bonding technology can be dividednia
main branches, direct bonding and intermediater lapading
[12]. Currently, wafer bonding of piezoelectric strates
receives a certain interest [13]. However waferfama
waviness and roughness are critical issues in tdivending.
Hence a low temperature bonding method using pkogitve
material as adhesive intermediate layer was deedldpat is
based on chemical surface hydrophilization and SUr8sist.
First, the aluminium (Al) inter-digital transduce(T) are
realized on the lithium niobate wafer. A SU-8 laigespun on
the LiNbG; wafer. A silicon wafer with wet-etched vias then is
bonded to the LiNbgsubstrate. The possibility to combine in
this case IAW devices with silicon microelectronits a
significant long run motivation. The fabrication amdhfer
bonding process are schematically summarized inr€ig1.

Lithography on S
Back side resist ps

B 4

Wet etching Si0z and S

Al and Cr sputtering on LINDO; wafer
Lithography resist

Resist development
Cr and Al etching
Resist Stripping

ﬁ

Si0z evaporation

—

SU-2 soinning for adhasive bonding

Adhesive bonding

Wafer alignment and bonding of Si and

LiNoO;

- -

Resist and Si0; RIE stching

Fig.11 Flow chart for the adhesive wafer bondingcpss.

The starting substrate is a 0.5 mm thick 3-inch (Yo}
LiNbO3; wafer. A 220 nm thick Chromium-Aluminum layer is
sputtered on the polished side of the wafer. Theglesist
then is spun to form a 14 thin layer, on which prebake and
hardbake are applied. The mask used for the pHuagliaphic
step has typical IDT patterns with a minimum fingeze of 1
um.

Once the resist developed, the metal layer is waitee
providing the usual IDT’'s grating pattern. The LiNDO
substrate then can be passivated using a &¢er. This
silicon dioxide layer is assumed to protect themdétwm
resonators during the harsh cleaning treatmentééfonding,
but this step can be well omitted because the SUa8®d acts
as an insulating layer.

Before any bonding operation, vias must be achi@véide
silicon plate to access the electrodes and to ptiobealevice.
The starting substrate is a 0.25 mm thick 3 indleasil wafer
(100) covered with a uniform 1m thermal oxide layer. The
SiO, layer then is etched locally thanks to a standard



lithography process, creating an in-situ mask fotapsium
hydroxide (KOH) silicon anisotropic deep etch. Aftards, A
re-oxidation of the wafer is done to obtain a Sitickness of
0.4pm.

The wafers are cleaned to remove any kind of comants
due to the process. Hydrophilic treatment on th&iGj is
achieved. The exact cleaning process is detaild@]imAfter
that, Epon SU8-2001 is conventionally spun on theblON
wafer to obtain Jum thick layer. A 30 min relaxation time on
a flat support is respected to get an uniform agatin the
wafer. The Si and LiNb@wafers are aligned in an EVG 620
aligner. The pair is subsequently transferred tEE¥G 501
bonder. The chamber of the wafer bonding machimaiiged
and evacuated to F@nbar. The temperature rate in the heating
process of the wafers is@min from room temperature to
65°C. Bonding occurred at 66 under a pressure of 500 N for
1 h. After bonding, the stacked wafers are annealegb °C,
for 1 hour in atmospheric Nmbient to enhance the bonding
strength. The temperature then is decreased to roo
temperature with a-C/min slope. Figure 12 displays the result
obtained after the low temperature wafer bondiragess.
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Fig.12 Picture of the 3-inches bonded wafers (LNfi®im the silicon side

Cross-sectional cuts are made with a dicing sawthen
bonded device to analyze the bonding process, bgiim the
bonded interface using scanning electron micros¢&ieM).
An example of a SEM picture is shown in Fig. 13,wing a
very high quality bonding between the two wafers.

After the bonding process, SU-8™ and gi@yers still
remain inside the vias devised for electrical cont&U-8™
hashing and SiQetching are performed in a PLASSYS
reactive ion etching reactor. The remaining resisiry etched
with a gas mixture composed of oxygen anBsCWe chose to
dry etch SiQ using CHE and GFgreactive ion etching (RIE).
A thin resist layer is deposited on the LiNpkack side to
reduce spurious bulk acoustic wave (BAW) refleddiomhe
stack then is diced for measurement.

Silicon

SU-8™ adhesive Iay(.r/v

(=1pm thick)

w 12 mn
ENT=15.68 kv

FEMTO-ST/CNRS

6 -~Ddc-2005

Fig.13 SEM picture of the stack after sawing. kwh the Lithium Niobate
wafer, the adhesion interface and the Silicon satest

m

IV. MEASUREMENTS

The devices first have been characterized underrBifep
connected to a network analyzer Rohde & Schwarz ZVCE.
The wavelength of the tested devices has been &gtrip 3.3
pm and 2.8 pum respectively, yielding a minimumpstidth
of 0.7 pm near the very limit of our mask align&tost
devices have been successfully tested but alsobiersefound
to suffer from parasitic elements limiting the maasnent
quality. Figures 14, 15 and 16 display the admittaderived
from the S11 parameter of the tested devices. Thew she
existence of two modes as expected theoretically,
corresponding to phase velocities near 3600 rarsd 4600
m.s'. Although this data are not that close from thevab
theoretically predicted values, one should keapiimd that the
operation condition also are far from the reportadlysis,
explaining the enlargement of the frequency gawéen the
Rayleigh-like and the shear interface modes (thative
thickness of the adhesive layer is much larger tti@none
considered in our computations). Consequently,ethresults
can be considered as rather satisfying assessnfettieo
proposed analysis.
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Abstract— This paper discusses a very low-loss and extremely-
wideband SAW devices employing highly piezoelectric Love wave
propagating on Cu-grating/15°YX-LiNbO3 structure. Theoretical
analysis followed by some experiments shows that the structure
supports non-leaky Love wave with its coupling factor K2 of 30%
and makes Rayleigh wave spurious responses considerably small.
Width and length modulated dummy electrodes are proposed for
the suppression of transverse mode spurious responses in one-
port resonators based on Cu-grating/15°YX-LiNbO3 structure.
Finally, one-port resonators on Cu-grating/15°YX-LiNbO3 are
applied to the development of ladder type filters in 1 GHz range.
As a result, the minimum insertion loss and —3 dB bandwidth
obtained are 0.8 dB and 19%, respectively, showing superior
performance of the Cu-grating/15°YX-LiNbO3 structure.

I. INTRODUCTION

Filter devices having low-loss and extremely wide pass-
band width are required for future wireless communication
systems. Such wideband filters may also become one of
the breakthroughs for developing novel inductor devices for
MMICs. Against this situation, research interest in wideband
filter devices has long been focussed upon highly piezoelectric
SH type surface acoustic waves (SAWs) propagating on YX-
LiNbO3, which are really promising and possess their K> of
nearly 25%[1]. Because of their higher velocities than slow-
shear bulk waves, however, SH type SAWs on YX-LiNbOj3 are
substantially of leaky nature. This means that either an Au
film or a very thick (more than 0.12A) Al grating is needed
to convert leaky SH type SAWs into non-leaky Love wave[2],
[3]. When applying non-leaky Love wave on YX-LiNbOj3 to
practical devices, however, one should also be careful how the
effect of Rayleigh type SAWs (Rayleigh wave) simultaneously
launched is avoidable to minimise spurious responses. For the
minimised Rayleigh wave excitation, the previous work[2] also
suggested that 15°YX-LiNbO3 could be superior to pure YX-
LiNbO3.

From this point of view, this paper proposes the application
of Cu as a grating electrode material aiming at developing
extremely-wideband and low-loss RF SAW filters using Love
wave on 15°YX-LiNbOs.

First, theoretical analysis of Love and Rayleigh wave
propagation on Cu-grating/15°YX-LiNbO3 structure is made
showing how Cu grating electrodes are effective in reducing
the velocity of Love wave without badly affecting K2. It is
also shown that the excitation of spurious Rayleigh wave gets
considerably suppressed by the combination of Cu grating
electrode and 15°YX-LiNbOs3. The result of theoretical anal-
ysis is followed by some experiments.

Then, the effect of weighted dummy electrode is anal-
ysed by the potential theory, from which a novel method

emerges for suppressing transverse mode spurious responses.
The design consideration of dummy electrodes based on the
method is confirmed in one-port Love wave resonators on Cu-
grating/15°Y X-LiNbO3.

Finally, one-port Love wave resonators on Cu-
grating/15°YX-LiNbO3  are applied to the development
of ladder type SAW filters having extremely wide passband
and very low-loss properties. Although a considerable
passband dip originating in Rayleigh wave is not easily
removed by the weighted dummy electrodes, an additional
experiment reveals that a viscous film coated on the device
surface is most effective in suppressing the dip to less than a
half without badly affecting the overall filter performance.

II. SAW PROPAGATION ON
CU-GRATING/ROTATED-Y X-LiNbO3 STRUCTURE

Ref. [2] reported that two types of SAWs propagate under
a grating structure on YX-LiNbOs; one is Love wave and
highly piezoelectric. The other is Rayleigh wave and its
electromechanical coupling is quite small. Although Love
wave is substantially of leaky nature, its velocity decreases
with an increase in the thickness of grating electrodes and
finally becomes non-leaky, when its velocity gets smaller than
the slow-share bulk acoustic wave velocity Vp. If one attempts
to apply this highly piezoelectric and non-leaky Love wave on
YX-LiNbOs to practical devices, however, spurious responses
originating in Rayleigh wave appear. In order to deal with this
problem, Refs. [2] and [3] showed that the electromechanical
coupling of Rayleigh wave is minimised in 15°YX-LiNbO3,
where either expensive Au films or very thick Al films is
needed as a grating electrode material to make Love wave
non-leaky.

In accordance with the previous work, Love and Rayleigh
wave propagation in Cu-grating/15°YX-LiNbO3 structure[4]
was theoretically analised, where Cu gratings are expected to
be more effective in reducing Love wave velocity than Al
gratings. The analysis was made by using the input admittance
Y (f) for infinitely long IDTs[5]. Once the resonance frequency
f+ and anti-resonance frequency f, are determined by Y (f),
they can be converted to the effective SAW velocities V, and
V., respectively, by multiplying the grating pitch 2p. The
effective electromechanical coupling factor K> was estimated
by (nfr/2fa) cot(nfr/2fa).

Figure 1 shows the Love and Rayleigh wave velocities as a
function of the normalised Cu film thickness //2p of grating
electrodes. It is seen from the figure that Love wave becomes
non-leaky when /2p is greater than about 5%, where both V,
and V, are smaller than Vp. The calculation also showed that
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Fig. 1. Film thickness dependence of the effective velocities of Love and
Rayleigh waves propagating in Cu-grating/15°YX-LiNbO3 structure.

when Al is used as a grating electrode material, its film thick
making Love wave non-leaky should be more than two times
the thickness shown in Fig. 1.
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Fig. 2. Film thickness dependence of the effective electromechanical coupling
factor K> of Love and Rayleigh waves propagating in Cu-grating/YX-
LiNbO3 (broken line) and Cu-grating/15°YX-LiNbO3 (solid line) structures.
(v is the capacitance ratio estimated by y= {(V,/V,)?> —1}~1)

Fig. 2 compares K> in Cu-grating/15°YX-LiNbO; and
Cu-grating/0°-YX-LiNbOs structures. In the figure, K? is not
shown in a certain range of //2p, where the strong coupling
between Love and Rayleigh waves occurs.

It is seen that K2 for Love wave in both structures is more
than 30% in the range of h/2p of about 5 ~ 10%. On the
other hand, K? for Rayleigh wave is remarkably reduced in
Cu-grating/15°YX-LiNbO3 structure. This suggests that Cu-
grating/15°YX-LiNbOj3 structure could be applied to spurious
free devices.

According to the above discussion, one-port resonators
were fabricated on Cu-grating/0°YX-LiNbO3 and Cu-
grating/15°YX-LiNbO3 structures. Both resonators possess
the electrode configuration shown in Fig. 3 with 4 ~ 300 nm
(h/2p ~7.5%).

Figure 4 shows the measured input admittance of the two
resonators. Comparing Fig. 4(a) with Fig. 4(b), one can
see that the spurious response caused by Rayleigh wave is

W=80um
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Fig. 3. Electrode configuration of fabricated one-port resonator.
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Fig. 4. Admittance characteristics of fabricated one-port resonators.

markedly reduced by using 15°YX-LiNbOs; it is still not
negligible in practical device applications, though.

In addition to the Rayleigh wave spurious response, different
kinds of spurious responses are observed in both structures.
They are thought to be the contribution from transverse modes
propagating obliquely in the waveguide structure composed of
the grating and bus-bars.

III. SUPPRESSION OF TRANSVERSE MODE SPURIOUS
RESPONSES

The section discusses a technique of suppressing the trans-
verse mode spurious responses appearing in the resonators on
Cu-grating/15°YX-LiNbO3  structure by applying weighted
dummy electrodes.

A. Design of weighted dummy electrode

The length weighting for dummy electrodes (see Fig. 5) is
known as one of the effective methods of suppressing spurious



responses caused by transverse modes[6]. If the dominant
So mode is trapped in the interdigital electrode region and
much of the energy of all other spurious modes penetrates into
the dummy electrode region, it is very likely that the spurious
modes are only affected and suppressed by the weighted
dummy electrodes. In Cu-grating/15°YX-LiNbO3, however,
there is a situation where the transverse spurious modes are
also trapped in the interdigital electrode region because of their
high electromechanical coupling. This suggests that careful
design procedures should be needed to suppress the spurious
responses by the dummy electrodes.

2p Wa

Fig. 5. Configuration of resonator with weighted dummy electrodes.

Region5

B Region4

[Device]. -

[Model]

Fig. 6. Simplified model used in calculation.

By applying the scalar potential theory[7], the calculation
was carried out to make it clear how the dominant and spurious
modes behave in a planer transmission line structure consisting
of gaps, dummy electrodes and bus-bars as well as interdigital
electrodes[8]. Figure 6 shows the simplified model, in which
Regions 1 to 5 represent the interdigital electrode region,
gaps, dummy electrode regions, bus-bars and free surface,
respectively. In the calculation, the anisotropic acoustic and
piezoelectric properties were taken into consideration using the
parabolic approximation, and it was assumed that the parabolic
curves for the approximation are similar figures each other in
the whole region, i.e., in Region 1 to 5. This is because the
mechanical and electrical effect of the electrodes and bus-bars
results in a small change in the anisotropy parameter in the
parabolic approximation[9], [10].

Figure 7 shows the relation between the resonance frequen-
cies of the transverse modes (Sp, Sy, ---) and the length of the
dummy electrodes L. The IDT pitch 2p, IDT aperture length
Wa/2p, gap width W,/2p and electrode film thickness h/2p
are assumed to be 4 um, 6.0, 0.125 and 0.065, respectively. In
the calculation, the relative width of the dummy electrodes
W;/2p was set at 0.25 and 0.28 in Figs. 7(a) and 7(b),
respectively. As a matter of course, the relative Love wave
velocity in Region 3 to Region 1, i.e., (V;/V;) also changes
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It is seen from Fig. 7(a) that the resonance frequency of the
dominant Sp mode is almost independent of L when L/2p <5.
The result suggests that because of the high electromechanical
coupling, the energy of So mode may be confined in Region
1. Defining the energy concentration ratio for a specific mode
as the energy in Region 1 upon the total energy, one can see
more quantitatively from Fig. 8 (see So mode) how Sy mode
is strongly confined in Region 1, in particular, when L is
relatively short. That is, L should not unnecessarily be long so
that most of the energy of the dominant Sy mode is confined
within Region 1; this makes the Sy mode scarcely be affected
by the dummy electrodes.

On the other hand, it is seen from Fig. 7(a) that the
resonance frequencies of S; and higher order transverse modes



strongly depend on L, which may mean that the energy of these
modes transfers from Region 1 to other regions. In fact, the
energy concentration ratio for S; mode in Fig. 8 decreases with
an increase in L and takes the minimum value of 13% around
L/2p =3. This suggests that the propagation of S; mode could
strongly be affected and suppressed (scattered) by the length
modulated dummy electrodes, whereas Sy mode is scarcely
affected because of its energy concentration in Region 1. The
similar effect of L on other higher order modes is also expected
by the length modulated dummy electrodes.

Attempting to perturb the propagation of higher order
transverse modes only by L, one may be unable to design the
length modulated dummy electrode with ease, because there is
a situation where L becomes unacceptably long for practical
applications. In addition, the energy concentration ratio for
Sp mode also decreases with an increase in L (see Fig. 8);
this may cause the reduction of resonance Q-factor. This
suggests that the use of the width modulated dummy electrodes
together with the length modulated dummy electrodes could
really increase the degree of freedom to control the mode
profile in the design. By comparing Fig. 7(a) and (b), it can
be seen that if W;/2p is increased from 0.25 to 0.28, then
L/2p necessary for perturbing the propagation of higher order
transverse modes is reduced by about a half. This means that
the width modulation for dummy electrodes is effective in
reducing the dummy electrode length.

B. Experiment

According to the discussion in III-A, One-port Love wave
resonators were fabricated on a Cu-grating/15°YX-LiNbO3,
and the effect of L and W; on the resonator performance was
experimentally discussed. The device configuration used in the
experiments and its basic parameters are shown in Fig. 5 and
Table I, respectively. A microscope image of the device is
shown in Fig. 9.

TABLE I
BASIC DESIGN PARAMETERS FOR 1-PORT RESONATORS.

IDT pitch (2p) 4 um
Gap length (Wy) 0.5 ym
Length of reflectors (Ir) 20p
Length of IDT (Ij) 100p
Electrode thickness (h/2p) 7%

Fig. 9. Microscope image of fabricated device using width- and length-
modulated dummy electrodes.

Figure 10 shows the admittance of the resonators with L
as a parameter, where W;/2p = 0.25 and W,/2p=6. As can
be seen from Fig. 10, S; mode is effectively suppressed when
L/2p=2.375 and 4.875. Note here that L for the conventional
structure is zero. However, the resonance Q-factor for the
dominant Sop mode decreases monotonically with an increase

in L. This may be caused by an increased ohmic loss, and/or
by the fact that part of energy of Sop mode has transferred to
Region 3 (see Fig. 8).
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Fig. 10. Admittance of resonators with different dummy electrode length L.

Figure 11 shows the admittance of the resonators with W as
a parameter, where L/2p =2.5 and W,/2p = 5. It is expected
by the calculation that when W;/2p = 0.125, S| mode is also
trapped in Region 1 resulting in a strong spurious response.
However, the spurious response is suppressed effectively with
an increase in W;/2p. As to Q-factor of the dominant reso-
nance, it is still grater than 750 even when W;/2p = 0.375.
Although Q-factor for W;/2p = 0.125 is extraordinary high,
this may be attributed to the fact that there is a longitudinal
spurious mode whose resonance frequency almost coincides
with that of the So mode; because of this longitudinal spurious
response, it seems difficult to independently determine Q-
factor for Sp mode resonance with reasonable accuracy.

IV. APPLICATION TO ULTRA-WIDEBAND AND LOW-LOSS
LADDER TYPE FILTER

An extremely-wideband Love wave ladder type filter was
fabricated as one of the applications of the wideband one-
port resonators on a Cu-grating/15°YX-LiNbOs3 structure to
practical filters. The fabricated four-stage filter is shown in
Fig. 12 and its fundamental design parameters are listed in
Table II.

The frequency response of the filter is shown in Fig. 13(a),
where the minimum insertion loss of 0.61 dB and the fractional
—3dB bandwidth of about 19% are obtained. Comparing
Fig. 13(a) with 13(b) in which no dummy electrodes are
employed, it is clearly seen that the ripples in the passband
caused by higher order transverse modes are effectively sup-
pressed without notable deterioration of the filter performance,
that is, the insertion loss, bandwidth, etc. The results shows
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Fig. 12. Fabricated four-stage Love wave ladder type filter on Cu-

grating/15°YX-LiNbO3 structure.

that the method of suppressing transverse spurious responses
for ultra-wideband resonators using the width and length
modulated dummy electrodes is also applicable to suppress
passband ripples appearing in ladder type filters on the Cu-
grating/15°YX-LiNbO3 structure.

On closer observation of Fig. 13(a), one may finds a
moderate dip caused by Rayleigh wave still remaining near
the lower passband edge. Although the combination of 15°YX-
LiNbO3 and a heavy metallic material like Cu for the grating
electrodes tends to reduce the effect to Rayleigh wave, it seems
rather difficult to make the dip negligible for practical device
applications.

Since Rayleigh wave is basically supported by longitudinal
and share-vertical components, it should be very susceptible to
surface mechanical disturbance. On the other hand, the present
filter owes its ultra-wideband and low-loss response to the
highly piezoelectric SH type Love wave, which is relatively
insensitive to mechanical disturbance on the surface. From this
point of view, some experiments were carried out to investigate
the effect of a viscous film coated on the filter surface upon

TABLE I

DESIGN PARAMETERS FOR LADDER TYPE FILTER

Substrate 15°YX-LiNbO3
Electrode material Copper
Electrode thickness, / [um)] 0.26
Number of stages 4-stage
for parallel arms | for series arms
IDT period, 2p [um] 2.8 3.6
(h/2p) (%] 9.3 7.2
Aperture, W [um)] 56. 72.
Number of IDT pairs, Ny 112 86
Number of electrodes
in each reflectors 20 20
Maximum length of
dummy electrode, L/2p 2.0 2.0
Width of dummy electrode,
W, [um] 0.9 1.1
Gap length, W, [um] 0.4 0.4

the selective suppression of the dip caused by Rayleigh wave.

Since the dip caused by Rayleigh wave in the series arm
resonators is out of the passband, the surface of the parallel
arm resonators has only to be coated with viscous films. As
one of the experimental trials, an EB resist ZEP520-22 (ZEON
Co.) film was coated as a selective damping material for
Rayleigh wave. The resist film was spin-coated and selectively
removed by Electron-Beam lithography as shown in Fig. 14,
where the film thickness was about 0.16 um. Figure 15 shows
the frequency response of the filter thus prepared. As is seen
in the figure, the depth of the dip caused by Rayleigh wave
appearing at about 900 MHz was reduced to about 2.5 dB from
5.5 dB, while the increase in the minimum insertion loss was
only 0.16 dB.

The result confirmed that the proposed technique using a
viscous film coated on the filter surface is effective in suppress-
ing the spurious response caused by Rayleigh wave. However
the dip was made small, it still remained in the passband. More
effective suppression could be realised by choosing a proper
film material and controlling the film thickness.

V. CONCLUSION

Aiming at suppressing transverse mode spurious responses,
this paper discussed the design and application of length and
width modulated dummy electrodes to Love wave resonators
on a Cu-grating/15°YX-LiNbO3.

The Love and Rayleigh wave propagation on a Cu-
grating/15°YX-LiNbO3 structure was theoretically discussed
showing that by Love wave could be applied to the devel-
opment of low-loss and extremely-wideband filters with the
minimised Rayleigh wave spurious response.

Based on the scalar potential theory, the analysis was made
on the effect of the length L and width W, of the dummy
electrodes upon transverse mode profile (field distribution),
that is, the energy distribution in interdigital electrode region,
gaps, dummy electrode region, bus-bars and free surface.

The result showed that with an increase in L, the energy
of the higher order transverse S; (i = 1,2,---) modes oozes
from the interdigital electrode region and concentrates in the
dummy electrode regions. On the other hand, Sp mode was
found quite insensitive to L and most of its energy is trapped
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Fig. 13. Frequency responses of four-stage Love wave ladder type filter on
Cu-grating/15°YX-LiNbO3 structure.

Fig. 14. Resist coating on the parallel arm resonators.

within the interdigital electrode region. This suggests that by
the properly designed length modulated dummy electrodes,
the propagation of S; modes could strongly be affected and
suppressed (scattered), whereas So mode is scarcely affected
because of its energy concentration in the interdigital electrode
region.

The result also showed that a small change in W; markedly
enhances the effect of L. This suggests that the use of the
width modulated dummy electrodes together with the length
modulated dummy electrodes could increase the degree of
freedom to control the mode profile and be effective in
suppressing (scattering) S; modes.

Based on the theoretical discussion on the length and width
modulated dummy electrodes, one-port Love wave resonators
were fabricated on a Cu-grating/15°YX-LiNbO3 with L and
W, as experimental parameters. The experimental result was in
good agreement with the theoretical prediction, showing that
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Fig. 15. Frequency response of four-stage Love wave ladder-type filter with
a viscous film coated as an absorber for Rayleigh wave.

the proposed technique is most effective in suppressing the
spurious responses caused by the transverse modes.

The one-port Love wave resonators were applied to ladder
type filters, where the length and width modulated dummy
electrodes are also found effective in minimising passband
ripples caused by S; mode. In addition, the viscous films
were experimentally shown to be useful for suppressing the
Rayleigh wave spurious response.
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Abstract—Cellular-phone markets are moving quite aggressively
towards module integration and as a result, the miniaturization
of devices has been accelerated. Especially SAW filters, which are
one of the key devices in RF circuit, are demanded to realize a
small size, low profile, with high reliability performance for RF
M odule applications.

Conventional SAW filters use a ceramics (High Temperature
Co-fired Ceramics; HTCC) package with cavity structure and
metal sealing cap to obtain high reliability performance. At first,
assembling technology improving to reduce the size of SAW
filters, from the chip & wire to flip chip condition. However this
structure changed not enough cover the demand for the
miniaturization of SAW filters on RF module application. In
order to reduce the size, HTCC package without cavity structure
and resin sealing are commonly used. However, this structure
does not contribute to the high reliability performance.

This paper describes the realization of a miniaturized SAW
filter with keeping the hermetic condition. By using a unique
packaging technique to achieve a low profile with high reliability
performance based on the HTCC package without -cavity
structure and metal sealing. The technique has been realized by
using cluster sealing with solder.

The optimization of the PKG design and sealing pressure was
performed in solder sealing. In addition, by using plating in the
outer coating, a high reliability performance can easily be
achieved. Results of reliability testing including mechanical,
electrical and moisture sensitivity will be discussed.

l. INTRODUCTION

Recently, the competition for miniaturizing, the cellular
phone and making progress of multi-band and systems has
intensified, as the cellular phone market expands. Therefore,
the modulation of parts used has rapidly advanced. The
demand for miniaturizing and making progress of low profileis
growing very much on RF module solutions.

Basically, SAW devices have the advantage of easily
obtainable steep characteristics and small-size design compared
to the dielectric and multi-layer ceramicsfilters.

Therefore, the saw device market for cellular is widely
expanding. On the other hand, the SAW filters have the feature
that the filter characteristics the reliability cannot be
maintained if an active surface is not protected in the air-gap.
Because it is important for miniaturizing the SAW devices to
secure the air-gap, a new technology is essential. [1-2]

At first, assembling technology improved by using flip chip
type from the chip and wire structure as show the Figure 1.

This structure is keeping the surface space minimized to
redlizing the electricad performance and reliabilities.

[ |[«—— LID (with Au-Sn solder)

IDT

6Layer 4L ayer Au bump

Figure 1. Schematic view of C&W and Flip Chip SAW

Il. DEVELOPMENT CONCEPT OF MINATUALIZATION

The size of current flip chip type of RF SAW filters for the
cellular phone and the size of newly developed filters are
shownin Table.1.

The dimension of new single-band filter is 1.4mm x1.0mm
x0.5mm height, which is 37% of volume reduction from the
current single-band filter.

Table.1 Comparative table of RF-Filter Size

Single-band Dual-band
Current one 2.0*1.6*0.6mm 2.5*2.0*0.6mm
Developed one 1.4*1.0¥0.5mm 1.81.4*0.5mm

Volumeratio 63% 60%




Development is aimed to keep both the electrica
characteristics and reliability performance. Especialy, high
hermetic performance is absolutely necessary for humid
environment.

In the past, not good reliability performance had confirmed
in the resin type molding condition. One thing is frequency
drift phenomena observed under the severa time reflow test.
The resin material has a characteristic of humidity absorption.
This characteristic makes distortion of the SAW chip and
influence to the filter performance as a frequency drift. For
examples, the distortion makes 0.002micron variation influence
to 2MHz frequency drift at 1.9GHz range filter. Of course
these distortions are related to molding materia Tg.[3]

To selected the molding materials, not only hermetical
condition but aso the frequency stability are important.

IIl. CURRENT PACKAGING TECHNOLOGY

Conventional flip chip type SAW filters use 4lLayer
ceramic (HTCC) PKG with cavity structure. The SAW chip is
connected to the PKG by Flip Chip Bonding (FCB) using Au
bumps. Then the cavity is encapsulated with an Au-Sn aloy
coated LID. This sealing method is used to obtain high
reliability performance. On the contrary, the miniaturization is
difficult.

IV. NEW PACKAGING TECHNOLOGY
Figure 2 shows anew package structure.

Developed SAW filters use 2Layer HTCC PKG without
cavity structure. The SAW chip is connected to plain PKG
HTCC base by FCB. The SAW chip is molded with Sn-Ag
solder, and the outside is coated by the Ni plating. Ni protects
Sn-Ag solder from heat -treatment.

LID
Sn-Aad

Au-Bumo 2L ayer HTCCPKG
Fig.2 Developed filter structure

Fig.3 shows the cross-section photo and the EPMA map of

the completed device. The plated Ni layer forms the outside
wall and the Sn-Ag solder forms the inner part of wall
homogeneously. Au diffuses from the plating layer of PKG,
and its composition is uniform without segregation.
Generally, the melting point of Sn-Ag Solder series is about
220degree C. When the SAW device is mounted on the board
of cellular phone, the temperature goes up to the Sn-Ag
melting point again. Therefore, Sn-Ag melts again when
mounting, and a high reliability securing is difficult. However,
if the Ni plating is carried out properly, enduring the reflow
becomes possible.

Fig.3 Cross —Section photo and the EPMA map

In the resin sealing that uses a conventiona epoxy, cannot
avoid the penetration of moisture over a long term. Therefore,
an excellent result cannot be obtained for THB and PCT. This
structure has the reliability of THB1000H, PCT96H and
Moisture Sensitivity Level 1(JEDEC-MSL1), because it can
achieve the hermetic performance.

V. PROCESSFLOW

Fig.4 shows the manufacturing process flow to achieve the
new packaging structure. The main flow becomes Flip Chip
Bonding, Sealing, Half-dicing (Ditch formation), Coating (Ni
Plating), and Full-dicing.

Flip Chip Bonding
—
e
-

Sealing

—_— e e =

Half Dicing -—

Coating (Ni Platina-—
———N
8

Full Dicing

s

Complete

Fig.4 Image of Process flow



VI. DETAIL OF SEALING

The most unique technology in sealing is the use of Sn-Ag
to achieve a new packaging. Sn-Ag is a very common material
used also for SMD mounting, and has examples of practical
use such as bumps and dams in various packaging.[4]

However, the new package is an unparalleled structure in
the point of covering the whole chip with Sn-Ag. Details of
sealing are as follows.

Fig.5 shows the image of the contact angle of melting Sn-
Ag. Left figure shows the state that the SAW chip is mounted
with the flip chip like the array in a HTCC package. In this
situation, Sn-Ag is supplied from the upper side and hest is
applied. If pressure is not applied to Sn-Ag, melting Sn-Ag
becomes the Ball shape, like the Right figure. Because the
Sn/LT contact angle is 90 degrees or more, this figure shows
the state that the capillary action doesn't occur to the space of
the SAW chip.[4]

Contact Angle 6>90deg.

Mﬂﬂ'\' i

Fig.5 Image of contact angle

The pressure to push melting metal into a constant spaceis
shown by the formula of Washburn eg.(1). Thisformulais used
to show the pressure magnitude to push mercury into the hole
of the radius=R. Moreover, the relation between pressure (P)
and GAP (2r) can be led from thisformula.

Formula of Washburn  Pr=-2ycosb 1)

The chip space and pressure have the relation of negative
correlation. High pressure is needed when the space is harrow.

Fig.6 shows the image of the sealing process.

Fig.6 Image of sealing process

Sheet LID from which Sn-Ag is combined to KOV is
supplied from the upper side of the chip as the first step. The

sheet LID is clad-processed with KOV material of 25um
thickness on Sn-Ag sheet of 150um thickness. Afterwards, if
an appropriate pressure is applied at a temperature higher than
the melting point of Sn-Ag, melting Sn-Ag starts to infiltrate
into the GAP of the chips. ()

When Sn-Ag reaches the Au plating pattern on the surface
of the HTCC, Sn-Ag starts the capillary action. Thisis because
the contact angle of melting Sn-Ag to Au is 90 degrees or less.
Sn-Ag begins to flow in the depth direction of figure (b).
Afterwards, sealing is completed(c).

When the press power is improved further, it is aso
fundamentally possible to fill Sn-Ag to a space under the chip.
However, Sn-Ag inflows in GAP of the chips only by the wet
phenomenon, because pressure that pushes Sn-Ag becomes 0
when the KOV reaches the back of the chip.

Therefore, designing GAP sizes, the space under the chip,
and the Au plating pattern can control the sealing shape in this
method.

Fig.7 shows one design example. Clearance(GAP) between
the chip edge and the Au plating pattern edge is shown with X-
axis, and a failure rate that Sn-Ag does inflow under the chip
with Y-axis. If GAP is Oum or more, Sn-Ag cannot infiltrate
under the chip.

-

Y

Inflow Rat
5

(53]

Fig.7 Relationship of GAP/ Inflow Rate

Moreover, the sealing temperature confirms that it does not
influence the state of sealing within the wide range from 220 to
360degree C. The example of the temperature and GAP shows
that the margin is considerably wide in this process compared
with the case of resin molding. The reason the process margin
is wide is that this process applies the wet character (contact
angle) of melting Sn-Ag solder.

However, there is a supplementation to make sealing
succeed. When sealing starts, it should exhaust the gas that
exists around the chip. Melting Sn-Ag confines the gas if the
exhaust is not done well, and excellent sealing cannot be done.



To cancel this issue, ventilation hole that penetrate the HTCC
was arranged.

Fig.8 shows the effect of the ventilation hole. An upper X-
ray photograph shows the sedling example without the
ventilation holes. The gas is confined and the void defect is
observed. On the other hand, a lower X-ray photograph
arranged the ventilation holes in a red point, and shows the
appearance where the void defect doesn't occur. The mass
production of this process is very easy. The SAW chip that
consists of several 100 pieces can be sealed in the batch.

Without Ventilation

With Ventilation

Ventilation

Fig.8 Effect of Ventilation hole

VIl. RESULTSOF RELIABILITY TEST

Table.2 Results of Reliahility tests

Test item Condition Result
6times reflow 260deg.C peak Pass
(FMD standard)
Bending PCB bend,4mm,5sec Pass
(JIS C /IEC60068-2-21Uel)
Vibration 98m/s® max,15min/sweep3D., 2H Pass
(JI'S C/IEC60068-2-6)
Mechanical shock 14700nVs”,0.5sec 6D., 5times Pass
(JI'S C/IEC60068-2-27)
Solder heat 260degreeC,10sec Pass
resistance (JI'S C/IEC60068-2-58)
Drop test 1.8m,150g, 6D.,each 3times Pass
(JI'S C/IEC60068-2-32)
Temperature cycle -40to125deg.C 100cyc. Pass
(JI'S C0025/1EC60068-2-14,33)
Humidity bias 85deg.C, 95%RH,DC5V,1000H Pass
EIAJ ED-4701(1EC pub.60749)

125deg.C,16h>>+85deg.C,85% Pass
RH,168h>>260deg.C,6times reflow
(JEDEC J-STD-020C)

Moisture sensitivity

Pressure cooker test 121deg.C,95%RH,96H Pass

EIAJ ED-4701(JESD-A100)

Table 2 shows the results of the reliability test on the new
structural SAW filters. In al items, the reliability of the new
structural SAW filters and current structural SAW are the same
level.

VIIl. CONCLUSIONS

New structural SAW filters sealed with the Sn-Ag solder
was developed. The reliability of a new structural SAW filter
and current structural SAW filter are the same leve in all items.
New structural SAW filters have a humidity tolerance MSL
level 1. The volume of new structural SAW filters decreases by
60% compared with the current structural SAW filters, and is
the smallest RF filtersin the world. And these typefiltersarein
prectica use of RF module applications. Fig.9 shows the
appearance of the developed SAW filters.

FIG.9 APPEARANCE OF PRODUCTS
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Abstract— In recent years, miniaturization and high accuracy of
mobile communication systems have become essential. Because of
good phase noise performance, the SAW clock has become a
viable option for data transmission. However, a SAW oscillator is
usually made up of a SAW device and a CMOS-IC separately,

and thislarge size limitsits use in mobile communication systems.

This paper covers the development of the smallest monalithic
SAW oscillator using thin film ZnO deposited on a CMOS-IC.
The SAW device and the IC have been combined into a single
unit, and the total thicknessisnearly the same asthelC.

Keywords-component; SAW, oscillators, monolithic.

l. INTRODUCTION

In recent years, transmit technology has come to require
both miniaturization and a high transmit rate. The SAW
oscillator with good phase noise performance is suitable for
high transmit rates. The passive components are fabricated in a
single chip by two methods, SIP (System in Package)™ and
SOC (System on Chip)!Z™¥. Since the SAW device is one of the
largest components in the system, a monolithic SAW device
with good phase noise performance is a desirable solution.

Because of the velocity dispersion of the thin film SAW
device, the relationship of the IC’s layered structure, which
consisted of SiN,/SIO,/Si between frequency, coupling
coefficient k* and thickness of film were calculated. Inter
Digital Transducer (IDT) with 1 X 1.6mm?® sized oscillators
were designed using arefined version of Smith’s method.

The transistor’s gate size was optimized using the Agilent
ADS simulator. In IC fabrication, after standard 0.25um
CMOS, ZnO film SAWSs that easily crystalize a low
temperatures without circuit damage were formed above the IC
using RF sputtering.

InFig. 1, the left sideisthe circuit areaand theright sideis
the SAW area. Al lines connected the pad of the IC and the
electrode of the SAW.

Fig. 2 shows that the monolithic SAW device oscillated
clearly at 545MHz.

In addition discrete solution with good phase noise
performance was aready developed. This oscillator consisted
%‘ ZnO film SAW device and other individual components. -

T. Karaki, M. Adachi

Toyama Pref. Univ.
5180 Kurokawa, K osugimachi, Toyama 939-0398, Japan
chen@pu-toyama.ac.jp, adachi @pu-tpyama.ac.jp

- 140

Fig. 1 Die of the monolithic SAW oscillator
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Fig. 2 Spectrum of oscillation

Il. DESIGN

A. SAWDESIGN

Fig. 3 shows the calculated result using Campbell’s method.
(091t shows that high k*>1% needed the thickness of ZnO
film being kh=1.5 with k(=2 /1) being the wave number
and A being the SAW wave lengths. In this case, the thickness
of isolation layers was kh=5 and the number of that



(SIO,/SIN,) layer was 4. At this thickness the Sezawa 3"
had the largest k.

Asahigh IDT reflection factor miniaturizes the SAW areg, a
thick Al (of kh>0.2 above ZnO/IC) was deposited. Fig. 4
shows that the simulated IL (Insertion Loss) =-10dB using
Smith’s method.
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Fig. 3 Velocity depended on ZnO film thickness
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Fig. 4 Calculated SAW characteristics

B. CMOSCIRCUIT DESGN

Fig. 5 shows the schematic circuitry of the colpitts
oscillator. In this figure, as the IL of thin film SAW is often
larger than that of single crystal, large transistor gain needed 3
stage inverters that connected 3 timesin a series.

The analytical result of the relationship smulated with the
Agilent ADS between transistor gain and power consumption
in proportion to the transistor’s gate size is shown in Fig. 6. In
this simulation, the gain required 15dB that exceeded SAW
IL=-10dB. As an upper limit of circuit power consumption of
about 70mW, the maximum gate size was calculated. The
relationship between gain and power consumption was
presented. Therefore, optimized range of gate size W/L was
from PMOS=60/0.3, NMOS=24/0.3 to PMOS =140/0.3,
NMOS=47/0.3 with W/L transistor dimensions.
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Fig. 6 Simulated result of gate size

C. CMOSFABRICATION

The IC was fabricated in the standard CMOS 0.25um
process. Fig. 7 shows that the schematic surface of the chip
with uneven distribution of Al lines was rough. To deposit thin
film SAW on the chip, Chemical Mechanical Polish (CMP)
was implemented to flatten the chip surface, as shown in Fig.8.
If the wafer has a rough surface with an uneven distribution of
devices, the SAW propagation loss also worsens. SAW area
and circuit area were arranged mutually like a lattice figure
because of SAW area having no linesin isolation layers.

Fig. 7 Rough surface of standard IC chip



Fig. 8 Flat surface of IC chip by CMP

D. MONOLITHIC INTEGRATION PROCESS

It is easy to fabricate monolithic SAW device using the
previous method. After CM P made the wafer surface flat, ZnO
and Al films were deposited above it. IC pads and SAW
electrodes were connected at the same time as the deposition
of Al. Finaly Al formed IDT by etching. Note that IC pads are
not always needed, since they increase chip scales.

To avoid damages in circuit, a process under 400°C was
selected. Moreover, post-process was chosen because of a
possibility that ZnO could affect transistors. Fig. 9 and Fig. 10
show those schematic processes. First, ZnO film was
deposited on a wafer with a flat surface and pads opened by
etching. The next process was the Al deposition. Lastly, IDTs
were formed by etching. Washing and etching processes that
do not damage the circuit should be selected.

PAD

Zn0O ZnO
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Si02
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S

Fig. 9 ZnO deposition and PAD fabrication

Al-IDT
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Fig. 10 Al deposition and IDT fabrication

1. MEASUREMENT RESULT

A. SAWMEASUREMENT

Fig. 11 shows that monolithic SAW got low IL=-14dB at
Sezawa3rd. And the rayleigh, sezawa and sezawa2nd waves
had an IL larger than -14dB. Although the IL was enough to
oscillate, it did not reach -10dB. For a lower IL, the quality of
ZnO film will need further improvement.
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Fig. 11 SAW characteristics

A cross section photograph is shown in Fig. 12. The ZnO
film formed a good c-axis. Fig. 13 shows the X ray diffraction
(XRD) result. Its full width at half maximum (FWHM) was
3° , whichindicated that the film quality was good.

Fig. 12 Cross section photograph of ZnO film
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Fig. 13 XRD rocking curve



B. CMOSCIRCUIT MEASUREMENT

The oscillatory circuit obtained the gain over 14dB of thin
film SAW.

In advance, the phase noise of the circuit covered with ZnO
film was measured to check for influences. Fig. 14 shows that
the difference of phase noise between the circuit and ZnO/IC
was small. Therefore, the film had little effect on the circuit.

Phase Noise[dBc]
|
[e=]
o
f\

0.1 1 10 100 1000 10000
Frequency Offset [kHz]

Fig. 14 Phase noise comparison of ZnO/ICto IC

The measurement result of components is shown in Table 1
below. The ZnO film also affected C, L and R very little. As
the largest difference of resistance was only less than 5%, the
film did not influence the circuit.

L[nH] ClpF] R[Q]
IC 484308  [4.367 548.493
ZnO/NIC [479307  [4.356 476.786
A 0.05001  [0.011 71.707
Table1

C. MONOLITHIC SAW OCSLLATOR MEASUREMENT

The oscillatory condition at 545MHz was shown in Table 2
below. At 2.7[V], phase noise was measured. At 2.0[V], the
oscillator worked steadily. But at 1.5[V], it sometimes stopped
oscillating.

VIVl [mA] PImW]
2.7 137 36

20 75 15

15 32 5

Table 2 Oscillatory condition

Fig. 15 shows that measured phase noise of monolithic
oscillator was almost equal to that of discrete solution, which
was -120dBc/Hz@10K Hz. A

At 1KHz monolithic SAW had —95.5[dBc/Hz], but LC
oscillator that integrated typically in IC had —40[dBc/Hz]. ™
Therefore, SAW/IC showed an advantage regarding phase

noise. In addition CMOS LC oscillated at 900MHz. But this
monolithic SAW oscillated at 550MHz. Generally, the phase
noise at a high frequency is worse than that at a low frequency.
In this case there was little effect, since there was almost twice
the difference.
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Fig. 15 1chip SAW oscillator Phase Noise

Frequency Offset [CMOS ZnO_SAW| CMOSLC
1KHz -96 -40
10kHz -120 =70
Table 3 Phase noise [dBc/HZ]

V. CONCLUSION

The SAW device and the IC were combined into a single
unit, and the total thickness was nearly the same asthe IC.

A high performance Al reflector with a thickness of kh>0.1
was set up to minimize the SAW areato 1x1.6mm. To achieve
a high gain at a low voltage power source, we optimized the
gate size of the transistor and the parasitic element for phase
adjustment in 1C design using the Agilent ADS simulator.

Measurement results showed that the phase noise achieved
an excellent value of —120dBc/Hz@10kHz. This indicates that
the ZnO thin film did not affect the performance of the IC.
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Abstract - This paper describes front-end architec-
tures of modern multi-mode, multi-band cellular
phones and will discuss the requirements on RF
filtering in such applications. Special focus will be
on dual mode (GSM and WCDMA) cellular
phones with four GSM and three WCDMA bands.
On the one hand driven by forward integration —
e.g., from PA function via transmit front-end to a
fully integrated radio — on the other hand
influenced by new requirements of 3G systems
and the integration of complementary access,
filtering components such as SAW and BAW
filters have to solve several increased require-
ments simultaneously. New technologies are
required to follow the demand of increased RF
performance, reduced PCB area consumption and
continuously decreasing component costs.

I. Introduction

Cellular systems worldwide are reaching maturity,
especially the GSM system, accounting for more than
60% of global (cellular) sales in 2004. At its
introduction, only the 900 MHz band was used; a few
years later, the DCS band at 1.8 GHz was added. In
Europe and Asia, these are still the bands occupied.
In the U.S., the GSM system gained interest after the
PCS band at 1900 MHz became available. Triple-
band GSM phones can be considered the first single-
system global phones. Today, with the addition of the
850 MHz band in the U.S., the GSM system spans
four bands. In response to consumers asking for
higher data rates, the GSM system expanded toward
General Packet Radio Service (GPRS) and recently to
enhanced data rate for GSM evolution (EDGE). Next
to the GSM system, the 3-GPP committee has defined
the Universal Mobile Telephone System (UMTYS) as a
global standard able to deliver data rates exceeding
the GSM-EDGE standard by a factor of three.
Upcoming high-end multi-mode, multi-band cellular
phones will provide operation in several WCDMA
bands. The bands of operation depend on the regions,
as not all nine bands assigned for WCDMA are
available all over the world. Thus, advanced cellular
phones will operate in two different modes and will

Fig. 1: Stacked via within different layers of ceramic
materials.

cover up to seven different frequency bands. This
increased complexity was a driver for the
development of integrated RF front-ends, which
include ESD protection, switches, SAW and LC
filters, and matching networks at least. In some cases
power amplifiers (Pas) and duplexers are integrated
too.

In the coming years, handsets will increasingly
have more features and functionality, e.g., internet,
streaming audio/video, and games. Differentiation
between handset manufacturers is no longer based on
technical performance: features, fashion aspects, and
cost determine the choice. Key value drivers for
component and subsystem suppliers are therefore cost
and size.

1. Key Materials and Core Technologies for
RF Front-End Integration

A LTCC Technology

In the nineties LTCC was mainly used to create
discrete components like inductors, filters or baluns.
Using LTCC as a substrate for passive integration and
making modules or a complete system in package



Metal coating SAW chip

Foil

Solder ball

Ceramic
interposer pad

Fig. 2: Schematic cross section of Chip Sized SAW
Package 2 generation (CSSPIus).

3x3x 1.1 mm° (= 9.9 mm%)

2x2.5%0.74 mm® (= 3.7 mm®)

2 x 1.4 x 0.6 mm® (= 1.68 mm®)
2 1.6 x 0.6 mm® (= 1,92 mm®)

7

SMD
Chip & Wire

>
ossp,
1* Generation

CSSP,
2" Generation

1.4 x 1.1x 0.4 mm® (= 0.62 mm?)

Height [mm]
o
»

~ 0.5 mm?x 0.25 mm

o
o

1
=

CSSP,
3" Generation

! I | I | —
1998 2000 2002 2004 2006 200X
Year of Production

Fig. 3: Evolution of packaging for RF filters used in
cellular phones.

was very often a burden to the user because of long
turnaround times. A typical design cycle took three to
four month and at least two or three cycles were
required to get acceptable performance. Beside this,
the range and achievable tolerances of embedded
components were limited.

We have reduced the cycle times drastically. By
making use of a non shrinkage 8°x8” LTCC
technology it is possible to combine different
materials to extend the range of capacitance and
inductance values but also to embed new semi-
conductive ceramics for ESD/EMI protection.
Furthermore, LTCC technology is the right choice for
packaging for applications with severe temperature
conditions like in automotive (e.g., gear controls) or
communication (e.g., power devices) systems.

To produce an advanced LTCC panel existing of
different materials in a competitive 8’x8’” format
there are at least two major challenges. The first is to
manufacture thousands of holes layer per layer fast
and in high quality; the second one is to perform the
shrinkage without any delamination between the

layers or cracks around the metal structures and holes.

Both have been achieved, e.g., 3000 holes/second are
punched by using of special multi-punching tool.

Sintering of different materials (Fig. 1) is possible
by adjusting the ceramic and metal material

compositions in a way that the sintering starts at
similar temperatures [8]. The so-called non shrinkage
process has the big advantage that there is no
shrinkage in the lateral dimensions. This is made
possible by using top layers which do not shrink like
the remaining functional body. The remaining
shrinkage is only happening in the vertical dimension,
so that delamination can be avoided.

B. Advanced Packaging Technology

Recent trends to integrate filtering into modules
holding PAs, switches or the transceiver ICs are
putting even more pressure towards the
miniaturization of packages for electro-acoustic
components. For the operation of SAW or BAW
components it is necessary to realize hermetically
sealed cavity-packages fulfilling stringent reliability
requirements.

Traditionally, these requirements could be
fulfilled using SMD type cavity packages. The
packages were made of high temperature cofired
ceramic (HTCC) and bonding wires between chip and
package are used for the electrical connection. The
inner metal pads of the package are connected by vias
or metallized castellations to SMD pads on the
bottom side of the package. A metal lid is welded or
soldered to hermetically seal the package.

Further  miniaturization was obtained by
optimizing the ratio of active area (SAW or BAW
chip). Novel approaches were needed to reduce the
foot print of the package. Fig. 2 shows a chip size
SAW packaged (CSSP) device, a flip chip package
where the cavity is formed by laminating a polymer
foil over the chips. Cu and Ni layers with a total
thickness of 40 um are used to seal the package
hermetically.

With these steps in packaging it was possible to
reduce the package volume in 2006 to 6 % (Fig. 3) of
the 1998 value, a must for space saving integration of
SAW filters into front-end modules. The next step
will be the integration of bare dies on the surface of
the module. Thus CSSP technology is directly
applicable to highly integrated and miniaturized RF
front-end modules.

111.WCMDA Frequency Bands

Today, nine different pairs of frequency bands for
WCMDA applications (table 1) are specified. Not all



Band up-link [MHz] Down-link [MHZz] Comment
| 1920-1980 2110-2170 Europe, Japan, Korea, China
1l 1850-1910 1930-1990 N.America, same as GSM 1900
Il 1710-1785 1805-1880 Europe, same as GSM 1800
\ 1710-1770 2110-2170 US, Tx is subset of band Ill, Rx same as band |
\ 824-849 869-894 N.America, same as GSM 850
VI 830-840 875-885 Japan, subset of band V
VI 2500-2570 2620-2690 Worldwide
VIl 880-915 925-960 Europe, same as GSM 900
IX 1750-1785 1845-1880 Japan, subset of band IlI

Table 1: WCDMA frequency bands
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Fig. 4: Schematic block diagram of the front-end for a
quad-band GSM and single band WCDMA
cellular phone.

these bands are available all over the world, and not
all frequency bands are available today. E.g., band
VIl will be included by 2009 or later. In order to
reduce the complexity (and the costs) of a WCDMA
cellular phone up to three different frequency bands
are implemented only. Possible combinations depend
on the main area of usage of the cellular phone.
Examples are

- Waorld (I, 11, V)

- Japane (I, IX, VI)

- Europe (1, 1, VIII)
- USA (I, IV, V).

IV.QB GSM + Band | WCDMA Front-End

In fig. 4 a schematic block diagram of a dual-
mode (GSM/WCDMA\) cellular phone is depicted. A
quad band GSM transceiver in combination with a
single band WCDMA transceiver is used. In the
receiver section of the GSM portion a front-end
module (FEM) with a switch and four SAW filters,

one for each GSM frequency band, is used. Typically,
these filters have a single-ended input and a balanced
output [9], which eliminates the balun in front of the
GSM transceiver. Doing the transformation from a
single-ended to balanced signal in the SAW filter
adds no additional insertion loss as a balun would do.

For the two GSM transmit bands (1 GHz and
2 GHz) a dual power amplifier module is used. GSM
PAs with high efficiency require low-pass clean-up
filters to suppress harmonics. Typically these filters
are LC filters and are integrated into the front end
module. In addition the complex matching required at
the input of the GSM transceiver may be integrated
too [1]. This reduced the component count by 12!

On the WCMDA side a module with a power
amplifier and duplexer (PAID) is used. Interstage
filters are provided in Rx path after the LNA, and in
the Tx path before the PA (integrated into the PAID).
To connect the GSM and WCDMA transceiver to the
antenna an SP7T switch is included into the front-end
module.

The proposed front-end for the dual mode cellular
phone consists of three modules:

- a front-end module with an SP7T switch, a
quad band filter bank, and Tx clean-up filters

- adual power amplifier module

- a WCDMA PAID module with PA, Tx
interstage filter, and duplexer.

As is obvious, this is not the only solution for
partitioning the front-end of a dual mode cellular
phone. Another concept would result in the combina-
tion of a power amplifier switch module (PSM), a
PAID, and a filter bank with integrated matching. The
decision for the modularization of the front-end de-
pends strongly on size requirements, cost aspects,
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Fig. 5: Schematic block diagram of the front-end for a
quad-band GSM and a triple band WCDMA
cellular phone.

time to market considerations, and sourcing issues.

All concepts result in technically equivalent solutions.

V. QB GSM + TB WCDMA Front-Ends

Advanced multi-mode, multi-band cellular phones
will support four GSM frequency bands and up to
three WCDMA frequency bands. This concept will be
discussed in more detail for cellular phones operating
in frequency bands I, Il & V. The same ideas can be
applied to other band combinations as well.

A Separate GSM & WCDMA Transceivers

In this approach the GSM front-end described in
chapter IV can be reused. Only the SP7T switch has
to be replaced by an SP9T switch to allow for the two
additional frequency bands. The WCDMA front-end
has to be expanded by two more duplexers, four
additional interstage filters, two PAs, and two more
sections in the WCDMA transceiver.

Following this concept reduces the effort for the
development of a dual-mode, multi-band cellular
phone. Thus time-to-market and development costs
are minimized. But this concept results in a not cost
efficient system solution. Compared to today's
systems a higher order switch (SP9T) results in
higher costs and contributes to higher insertion loss in
the radio front-end. As can be seen in fig. 5 the
number of receivers is increased to seven, and the
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Fig. 6: Schematic block diagram of the front-end for a
quad-band GSM and a triple band WCDMA
cellular phone.

number of transmitters to five! This results in high
pin count and large package size. Overall, costs for
transceivers and filters are significantly increased.

B. Dual Mode Receivers

To overcome some of these drawbacks, new
concepts have to be found. A possible solution is
depicted in fig. 6. One prerequisite for this concept
are reconfigurable multi-mode receivers [2, 3, 4, 5, 6,
7], because the same receiver path has to be capable
to handle GSM and WCDMA signals. Thus the
number of receivers can be reduced by two resulting
in a total number of five receivers. This has direct
impact on the antenna switch and only an SP7T
switch is required. Compared to the solution
described in chapter IV, the SP7T switch has five Tx
ports and thus the die area is almost the same as of an
SPIT switch.

By inspection of the frequency bands in table 1,
one can see that GSM 850 and WCDMA band V
share the same Rx frequency band. The same holds
for GSM 1900 and WCDMA band Il. Thus the first
idea is to use the Rx filter of the respective WCDMA
band for GSM too. The same concept may be applied
to GSM/WCDMA cellular phones with frequency
bands chosen for Europe 1, 111, VIII, and Japan I, 111
(1X), V(VI).

Implementing  this concept requires two
conventional GSM Rx filters and two dual mode
interstage Rx filters. This dual mode filter has to
fulfill specifications arising from both standards.
Fig. 7 shows the frequency response (S;) of such a
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Fig. 7: Frequency response of a dual mode Rx interstage
filter vs. GSM 1900 specification.
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Fig. 8: Power transfer function and error vector
magnitude of a dual mode Rx interstage filter vs.
WCDMA I specification.

dual mode Rx filter vs. a typical GSM 1900 blocking
specification. Fig. 8 shows power transfer function
(PTF) and error vector magnitude (EVM) of the same
filter vs. a typical WCDMA band Il specification.
PTF is a measure of attenuation for a WCDMA
modulated signal. Basically, it is an average
frequency response (S,;) weighted with the spectral
power distribution of a WCDMA signal. EVM is a
measure of signal distortion due to non-uniform
attenuation and non-uniform group delay over a
5 MHz wide WCDMA channel [10]. Both, power
transfer function and error vector magnitude are
plotted as function of center frequency of the
respective WCDMA channel.

C. Dual Mode Receivers without Rx Filters

A possible next step could be the attempt to

remove the interstage filters in all WCDMA bands [6].
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Schematic block diagram of the front-end for a
quad-band GSM and a triple band WCDMA
cellular phone.
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Fig. 10: Frequency response of a dual mode Rx duplex
filter vs. GSM 850 specification.

Thus, the Rx filter of the WCDMA duplexer has not
only to fulfill the tightened WCDMA specifications,
but also the respective GSM specifications.
Furthermore, the balun functionality of the interstage
filters should also be shifted to the duplexer.

To point out the requirement for such an Rx filter
of a duplexer, we have chosen a WCDMA band V
duplexer with balanced Rx as an example. Fig. 10
shows the frequency response (S,;) of such a dual
mode Rx duplex filter vs. a typical GSM 850
specification. In particular, the GSM blocking
specifications above the pass band have to be fulfilled.
Fig. 11 shows power transfer function (PTF) and
error vector magnitude (EVM) of the same filter vs. a
typical WCDMA band V specification. Besides a
high suppression of Tx frequencies, this filter needs
to suppress blockers at 2*fr,-frx (Rx image) and at
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Fig. 11: Power transfer function and error vector
magnitude of a dual mode Rx duplex filter vs.
WCDMAV specification.

(Frx-frx) / 2 (half duplex image) due to third order
intermodulation products.

VI. Example of a Multi-Mode Front-End
Module

In this chapter, the EPCOS module M104 is
described as an example for a state of the art multi-
mode front-end module. The block diagram of the
module is shown on fig. 12. The module contains an
SP7T CMOS switch, four SAW-filters for the GSM
receive paths, low pass filters for the low and high
band GSM transmit paths, an output branch for
WCDMA operation and a network for protection
against electro-static-discharges (ESD). The antenna
pin of the module is connected to the input of the
switch by means of the ESD protection network. The
seven output branches of the switch are connected to
the four GSM receive filters, the two GSM transmit
low pass filters and the WCDMA output pin.

Fig. 13 presents the photo of the actual
implementation of the module currently running in
volume production. The encapsulation material has
been left off, therefore the components mounted on
the top side can be seen. The substrate is multilayer-
LTCC which contains integrated passive components
to realize the two low pass filters as well as matching
components for the receive path. This allows the
realization of customized Rx output impedances as
part of the module, thereby saving board space and
design-effort for the customer. On the top of the
substrate are two SAW-filter packages in CSSPlus
technology, each of them contains two of the GSM
receive filters (2inl). In the lower left the SP7T-
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-‘ WCDMA 2100
XD
o Tx 1800/1900
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Fig. 12: Block diagram of EPCOS multi-mode module
M104.

Fig. 13: Photo of the EPCOS multi-mode module M104
with the encapsulation material removed.
Discernible are the SAW-filters in CSSPlus
packages, wire-bonded SP7T switch and discrete
SMD components.

switch is mounted. This was done by first die-
bonding the chip onto the module substrate and
afterwards connecting the switch electrically with
wire-bonds. The elements for the ESD-protection
network are added as discrete SMD components,
located in the lower right. The module has a size of
5.4x4.7 mm?.

Key performance parameters for a multi-mode
module are insertion loss, prescribed attenuation
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Fig. 14: Transfer properties of the EPCOS M104 for the
GSM 2 GHz transmit mode.
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Fig. 15: Transfer properties of the EPCOS M104 for the
GSM 1900 receive mode.

levels, low harmonic generation for the GSM transmit
modes, excellent intermodulation properties as well
as low current consumption and resistance against
ESD. All this has to be realized within a minimum of
space at low cost. On Fig. 14 and 15 we show as
examples the transfer properties of the module for the
GSM transmit (high band) and GSM 1900 receive
modes, respectively.

The insertion loss for the low and high band GSM
transmit modes is 1.2 dB and 1.3 dB, respectively.
The insertion loss for the GSM receive bands is
between 2.3dB and 2.8dB, depending on the
frequency band.

For the WCDMA mode the transfer curve has low
insertion loss over a broad bandwidth (fig. 16). This
allows that the WCDMA mode of the module can be
used for all currently used bands. The band to be used
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Fig. 16: Transfer properties of the EPCOS M104 for the
WCDMA mode.

is chosen by the appropriate duplexer. A typical case
is the use of band I, the relevant passbands are
indicated on fig. 17. The EPCOS M104 displays an
insertion loss of less than 1 dB, even at the highest
frequency needed.

Besides the transfer curves the non-linear
characteristics are key for successful use of a multi-
mode front-end module. In the GSM transmit modes
the M104 second and third order harmonic power is
better -45dBm, even when the antenna is
mismatched. This provides enough margins against
the GSM-specification and allows for the design of
robust RF-transmitters. The non-linear parameter of
most interest for the WCDMA mode is the
intermodulation power generated in the receive band,
when a blocking signal is applied to the antenna. In
the typical test case the transmit power is set to
20dBm at the antenna and the blocking signal
to -15 dBm. A third order intermodulation product is
formed according to:

fim = 2*Frx-Torock

The measured power of the third order
intermodulation product is shown on Fig. 17. The
power is displayed as a function of the relative
electrical delay between the WCDMA pin of the
module and the duplexer. The power is
below -108 dBm for the worst case phase. It is
important that the intermodulation power is low for
all phases, because the module can be used on any
phone PCB, independent of the distance between the
module and the WCDMA duplexer.

Besides the RF-performance of the module,
equally important are current consumption and ESD-
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Fig. 17: Third-order intermodulation power of M104 for
the M104 in the WCDMA receive band. The
transmitter power was 20 dBm and power of the
blocking signal -15 dBm at the antenna. The three
curves are for WCDMA band I, 11, and V.

resistance. With a current consumption of only 50pA
and an ESD-resistance of 8kV contact discharge
according to IEC1000-4-2 the M104 has the best

performance known to the authors for these
parameters.
Next steps are targeted towards further

miniaturization. This will be achieved by the use of
EPCOS next generation ultra-small SAW-packages in
CSSP3 technology in combination with innovative
assembly technologies for the switch.

VII. Conclusion

A prerequisite for successful development of RF
front-ends for multi-mode, multi-band cellular phones
is the control and availability of key materials, core
technologies, advanced filter techniques, and
comprehensive system knowledge. At EPCOS we
have an in-house LTCC development and fabrication,
we have introduced CSSP for acoustic filters, and
extensive know-how with respect to SAW and BAW
filters development, synthesis, simulation, and
fabrication.

We have discussed different partitionings of RF
front-ends for multi-mode, multi-band cellular phones
which yield technically equivalent system solutions.
Reuse of existing GSM subsystems can lead to
shorter time-to-market, but either increases the
component count, the complexity, and/or the cost of
the system. Combining the requirements given by
GSM and WCDMA specifications results in using the

same Rx filter twice - for GSM and WCDMA - and
eliminates one Rx filter. Thus the filter count and
complexity for the QB GSM + TB WCDMA front-
end module could be reduced. Adding GSM blocking
specifications and balun functionality to the Rx filter
of the duplexer, facilitated elimination of interstage
filters.

More efficient solutions require more effort in
design and development, but result in cost efficient
implementations and will be used in future multi-
mode, multi-band cellular phones.
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Wafer Level Packaging of SAWSs Enables
Low Cost 2.5G and 3G Radio Modules
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Abstract - Cellular handset developers are adding
features to their handsets while designing them to
be smaller and thinner. This drives the need for
highly integrated radio solutions that use minimal
space and are easy to integrate with other
functions. Module integrated circuit packaging
technology, combined with appropriate
semiconductor process technologies can provide
handset manufacturers a very compact radio
solution while enabling shortened time to market
and low cost of ownership.

In this paper | will show how module technology
helps achieve a reduced time to market and size
reduction for handsets. Additionally, 1 will show
how wafer level packaged SAW filters play a key
role in enabling these small and highly integrated
modules.

I. INTRODUCTION

The year 2007 is the last year that GSM/GPRS
handsets dominate the production of handset
volumes [1] as indicated in Fig. 1. While many
of the historic GSM and GPRS handsets has
been dual band, today the majority of EDGE
handsets are quad band. Volumes are also
shifting to multimode handsets, increasing the
number of unique frequency bands in each
handset. Additionally, the use of full duplex
radios for 3G handsets is driving explosive
growth for duplexers, now exaggerated as
multiple frequency bands are supported. This
provides SAW and duplexer manufacturer with a
growing market opportunity, at least in terms of
units shipped. It also presents a challenge to the
handset manufactures to find room the number of
filters and duplexers.

1,400.0

OCDMA B GSM/GPRS
BEDGE OWCDMA p—
W4G
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Fig. 1. Shows declining GPRS and increasing EDGE and
WCDMA handset production. Source: RFMD

1. MODULES VS MIMICS

Just a few years ago, handset designers selected
RF MMICs, discretes and passives components
from a variety of suppliers and spent a
considerable amount of time and resources
debugging and relaying out printed circuit
boards. Semiconductor companies have taken
over these responsibilities by providing RF
modules. The trend started when semiconductor
companies combined the power amplifier (PA)
die with passive components onto a laminate
substrate to provide a complete tested module
matched to 50 ohm impedance. The industry
now recognizes the value of reducing the overall
board area while improving factory yields and
time to market. Nearly all handsets a now
manufactured using power amplifier modules.
This integration trend is now moving to the
transceiver function, further reducing size and
development effort, again improving time to
market and therefore time to money.
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A fundamental benefit of module technology
includes the ability to combine different
semiconductor process technologies into the
same package creating a complete function using
the optimal technology for the function. Fig. 2
shows a transmit module and includes pHEMT
for the Rx/Tx switch, high and low band GaAs
HBT die for the power amplifier, CMQOS for the
biasing and control functions and passives
devices for harmonic filtering and impedance
matching.

Additional benefits to the users of modules
include the fact that the module manufactures
have taken the responsibility for managing much
of the supply chain based on the fact nearly all of
the radio functions are provided in two or three
modules by one suppler.

Fig. 3 shows two generations of advanced quad-
band EDGE radios. Both solutions include
integrated SAW filters inside the transceiver
module and utilize multi technology modules to
achieve the small size and high level of
integration. Minimal external passive
components are achieved partly due to the fact
the impedance matching components are inside
the module

To achieve cost effective radio module and
achieve the correct selling price at acceptable
production margins, the majority of the functions
integrated into the module need to be
manufactured by the module vendor. The SAW
and duplexer devices are no exception.

CMOS
Controller

pHEMT Surface Mount
Switch Devices

Fig. 2. The transmit module includes low band and high band
GaAs HBT die, a pHEMPT switch, and CMOS controller
Source: RFMD

2005/6 2007/8
Polaris 2RM Polaris 3
(350mm?) (200mm?)

Fig. 3. Polaris 2 Radio Module includes pre packaged SAW
filters. Polaris 3 includes WLP SAWs contributing to a
smaller size module. Source: RFMD

I1l. WAFER LEVEL PACKAGING

The primary goals associated with the
development of Wafer Level Packages SAWSs
and duplexers included both technical and
commercial aspects.

Securing SAW filter supply for very large
volumes of front end and transceiver modules
was a key goal. Additionally, reducing the cost
of SAWs already in high volume would drive
immediate improvements in margins or enable a
lower selling price. Supporting the size and
integration goals for 3G front end modules also
drove the need for smaller sized SAWs and
duplex filters.

Reducing height was another key goal, as
handsets are getting thinner and thinner and the
ceramic pre-packaged SAWSs were and continue
to be the limiting factor in achieving lower
module heights.

WLP SAWs are clearly the better choice
compared to ceramic packaged SAWSs when
integrating the SAWSs inside the transceiver or
front end module.

RFMD’s WLP SAW and duplexer devices are
not intended as stand alone devices for use on
standard printed circuit boards. They are
designed to be included inside plastic modules
and protected by the plastic over-mold
compound.
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The general strategy was to develop a reliable
high volume capable SAW and duplexer
technology, using wafer level manufacturing
techniques, while achieving industry acceptable
performance.

IV. WHERE DO SAWS BELONG?

When integrating SAWSs or duplexers into
modules, one of the first questions is where do
they belong? It seems there is no one answer,
however there are specific considerations to keep
in mind.

Fig. 4 shows a two module 2.5G radio solution
which can be achieved if the SAWSs are
integrated with the transceiver. The diagram
also shows the power amplifier, switch and
controller are integrated together in a transmit
module.  Alternatively some manufactures
integrate the SAWSs with the switch yielding a
three module radio as shown in Fig. 5. These
partitioning decisions are driven by many things,
but as a minimum include historic product
offerings, partnerships, willingness to manage
more of the supply chain, and general technical
capabilities.

In 3G handsets, the minimal number of modules
appears to be achieved when the SAWs and
duplexers are included in a front end module
with the LNAs and a multi-port switch as shown
in Fig. 6.

This enables the ability to include the matching
components within the module and to minimize
the pin count in the transceiver. Including the
LNAs with the transceiver can lead to more pins
as a second SAW is frequently employed right
after the LNA requiring three pins per LNA.

R

P

Transceiver
Die
L
Transceiver
Module

Fig. 4. Two module 2.5G solution with SAWSs inside the
transceiver module Source: RFMD
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Fig. 5. Three module 2.5G solution with SAWs inside the
switch module Source RFMD
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Fig. 6. The above 3G front end module with SAWSs and
duplexers integrated between the switch and LNAs

Source: RFMD
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V. WHAT IS WAFER LEVEL PACKAGING?

Wafer level packaged devices are processed at
the wafer level where the complete wafer is
processes, instead of the individual die.
Singulation of the device is performed after the
packaging steps are complete. Some refer to
WLP as a true chip-scale packaging technique.
Presently there is no one standard method for
wafer level packaging, however many companies
are deploying WLP processes for various
products. Fig. 7 shows an overview of the wafer
level packaging process used at RFMD.

A key priority was to develop a process to create
an open cavity to enable the proper performance
of the SAW device. Developing a method to etch
open a cavity using a sacrificial material and
then over coating the area to create the hermetic
cavity was fundamental to enable use of the
WLP process.

To achieve the benefits outlined in the goals
listed above for using wafer level packaging, the
product process had to be compatible with
established  wafer  level  semiconductor
processing yet be benign to the performance of
the SAW filter. For example the process had to

handle the product using wafer handling methods
and the deposition and etching techniques
needed to be identified that would not damage
the SAW fingers or substrate materials.

Other key requirements included the need to use
a standard photolithographic processes, and use
of standard back end wafer handling procedures
for the following process steps:

Wafer Singulation

Die pick and place

Die attach

Wire bonding or flip chip
Lead-free solder reflow
Plastic encapsulation

VVVYVYVYVY

One more difficult challenge was identifying a
sacrificial material that would etch off without
damaging the SAW fingers. This is used to
create the critical open cavity to enable the SAW
to operate properly.

Fig. 8 shows there was no damage introduced to
the SAW fingers as the sacrificial material was
removed.

| N o I N | I rrrir
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Starting SAW Filter
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Pattern Sacrificial
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Clean out Sacrificial

|
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Coat Fill Layer

—)

Etch Access Vias

Etch Open
Bond Pads

Coat Cap Layer

Assembly
Processing

—)

Fig. 7. Shows the process flow for wafer level processing.
Source: RFMD
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Fig. 8. Shows the SAW fingers after the sacrificial material
has been removed. Source: RFMD

Fig 9. Shows an SEM image after the fill coat layer has been
added sealing the etched vias Source: RFMD

Completing the fill coat layer and properly
sealing the vias used to etch out the sacrificial
layer is one of the critical and final steps in the
process.

Although the via will never completely fill to be
the same level as the top of the cap, the vias are
successfully sealed to provide a hermetic cavity
for the underlying SAW.

VI RELIABILITY

To support the high volume goals for the WLP
SAWs as part of the transceiver module
programs, reliability goals of just a few PPM
were required.

As with standard SAW devices long term cavity
integrity is critical to maintain the performance
of the WLP SAW.

The primary challenge was to maintain the cavity
integrity through all the assembly and integration
process steps without compromising the
hermeticity of the package. Thermal stress is
introduced when the devices is processed
through the lead-free solder bump reflow.
Additional stress is produced when the WLP
device is processed through the high pressure
transfer molding step.

VIl WLP ELECTRICAL TEST RESULTS

The test results shown in Fig. 10 indicate that the
WLP performance doesn’t appreciably change
through the manufacturing process steps
including integration into the transceiver module.

In the case of Polaris 3 Total Radio, there are
four SAW filters configured as two dual band
WLPs; one for the low bands and the other for
the high bands. The WLP SAW filters are
solder-bumped along with the RF6030 die and
are flip chip mounted onto the RF6030
transceiver module laminate as shown in the
picture below. The SAW impedance designed to
match the impedance of the LNAs to reduce the
number of matching elements, and also to
achieve optimum performance.

logMag
I gMag

logMag

Bare SAW Filter

After WLP Process

After High Pressure
Transfer Mold

Fig 10. Shows the WLP SAW performance before and after the process steps Source: RFMD
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Fig. 11 shows the bottom side of dual low band
SAWs in wafer level packaging format and Fig.
12 shows the bottom side of dual high band
SAWSs. Flip chip solder bumps are evident in
support flip chip assembly which is consistent
with the CMOS based transceiver die.

Fig. 11. Bottom side of dual low band SAWs
in WLP Format. Source: RFMD

Fig 12. Bottom side of dual high band SAWs
in WLP format. Source: RFMD

VIIl. CONCLUSION

We have seen that quad band 2.5G and multi
band 3G handsets provide an enhanced
market opportunity for SAW and duplexer
manufacturers.

We discussed how the use of module
technology provides benefit to handset
manufacturers in terms of size, ease of use,
cost of supply chain management and cost
of manufacturing.

Placement of SAWSs in the transceiver
module enables a two module radio today
where placing SAWSs with the switch
enables a three module radio.

Using wafer level packaged SAWSs provides
an advantage in size and manufacturability
compared to historic packaging techniques
of ceramic hermetically sealed devices.

Wafer level packaging also helps reduce the
cost of SAWs through use of wafer handling
process methodologies providing advantage
in manufacturing scale.

We have shown that the WLP process does
not affect the performance of the SAW even
through the bumping and transfer molding
process.

The WLP process enables an industry
leading size for transceiver modules, as
shown in Fig. 13, targeted at GPRS/EDGE
handsets today.

Power Management Flip Chip
Multi LDO die SAW Filters

Transceiver die

Fig.13. Shows WLP SAWs in an EDGE transceiver module
for handset applications Source: RFMD
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Welcome to the First Japan Taiwan Workshop!

On behalf of Chiba University and the Organizing
Committee, I am most delighted to invite you to the Japan
Taiwan Workshop on Future Frequency Control Devices,
which is held in conjunction with the Third International
Symposium on Acoustic Wave Devices.

Presently frequency control devices are well recognized as
key components in various modern electronic systems, for
example, mobile communications and digital home electronics,
and their technological progress and growth in the worldwide
market are significantly owed to rapid evolution of the
frequency control devices. Here, the frequency control devices
involve resonators, filters, sensors and oscillators based on
bulk and surface acoustic waves, MEMS and quantum effect
technologies.

Although Japan and Taiwan are technological leading edges in this area, it seemed that technical
interaction between their specialists has been scarcely made. I discussed with my friends in Taiwan
on this matter, and we concluded that such an interaction will offer various benefits to both sides,
especially for young engineers and professors. I proposed Taiwan professionals to organize joint
Japan Taiwan workshops regularly, and this motion was seconded favorably. Fortunately, we could
receive the financial support from the Interchange Association Japan just on time, and this workshop

was organized as the first attempt.

Finally, the organizing committee would like to express its special thanks to Prof. T.T. Wu of
National Taiwan University and Dr. C.S. Lam of TXC Corp. for their efforts on the program
preparation. The organizing committee is most indebted to the Interchange Association Japan, Chiba
University and the Venture Business Laboratory of Chiba University for their sponsorship.

8th March, 2007
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Chairman of the Organising Committee
Professor of EEE

Chiba University

\ 4 04 & B E ORIHE

) 1= A\
A

‘ \ Interchange Association,Japan (1AJ)




|Thursday, 8th March‘

Opening Remarks
13:50 K.Hashimoto, Chiba University

JA RF Devices (Chair: T. Omori)
14:00 Integration of RF Front-End Modules for the Handsets

A.Gu, Yuantonics, Inc.
14:30 Smaller SAW Duplexer (3x2.5mm?) for US-PCS having Good Temperature
Characteristics

T.Nakao, M.Kadota, K.Nishiyama, Y.Nakai, D.Yamamoto, Y.Ishiura,

T.Komura, N.Takada and R.Kita, Murata MFG. Co. Ltd.

15:00 SHF Resonators Using Piezoelectric Lamb Waves Propagating in Mo/AIN/Mo
Composite Membranes

H.Matsumoto, A.Isobe and K.Asai, Central Research Laboratory, Hitachi Ltd.

JB Oscillator Technologies (Chair: C.S. Lam)

16:00 A Study on MOS Temperature Compensated Crystal Oscillator
T.Adachi, Yokohama National University
16:30 A Low Phase Noise and Wide Tuning Voltage-Controlled SAW Oscillator with
Surface Transverse Wave Resonator for SONET Applications
Y.H.Kao" and J.H.Lin”, 1) Chung-Hua University
2) National Chiao-Tung University
17:00 Characteristic Improvement of a Colpitts-Type Oscillator for Gigahertz
Frequency

W.H.Wang, K.Asano and Y.Sekine, Nihon University

|Friday, 9th March

JC SAW Sensors and AO Modulators (Chair: H. Yatsuda)

9:00 A Protein Sensor Based on Frequency Controlled Devices

C.K.Chen, Y.C.Yang, H.C.Chen, C.Y.Wu, S.M.Lin,
W.J.Wu, C.K.Lee and S.S.Lu, National Taiwan University

9:30 Waveguide-Type Acoustooptic Modulator Driven by Surface Acoustic Waves
S.Kakio", M.Kitamura", Y.Nakagawa”, T.Hara®, H.Ito?, T.Kobayashi3) and
M.Watanabe®, 1) University of Yamanashi, 2) Tohoku University, 3) Optoquest Corp.

10:00 Surface Acoustic Wave Sensors for Gas Detection

C.Y.Shen, C.P.Huang, K.C.Hsu and J.S.Jeng, I-Shou University

JD New Thin Films and Characterization (Chair: I.N. Lin)

10:30 Piezoelectrical and Electrical Properties of Epitaxial Grown Ta;Os Thin Film by
RF Magnetron Sputtering

S.J.Wu and B.Houng, I-Shou University

13

19

25

29

35

41

51

57



11:00

11:30

13:30

14:00

14:30

15:30

16:00

16:30

17:00

Crystal Growth and Investigation of Acoustic Properties of LiAlO, Single
Crystal

M.C.Chou", S.M.Wang” and Y.J.Chiu"

1) National Sun Yat-Sen University, 2) I-Shou University

A Super-Precise Method of Evaluating and Selecting EUVL-Grade TiO,-SiO;

Ultra-Low-Expansion Glasses Using the Line-Focus-Beam Ultrasonic Material
Characterization System

J.Kushibiki, M.Arakawa and Y.Ohashi, Tohoku University

JE New Structures for Acoustic Applications (Chair: S. Kakio)

Phase Linear Flat Wide Band Low-Loss Filters Using Unidirectional Dispersive
Interdigital Transducers

K.Yamanouchi and Y.Satoh, Tohoku Institute of Technology

Sputtering (103) Oriented AIN Films and its Acoustic Wave Mode Analysis
S.Wu", R.Ro”, M.S.Lee” and Z.X.Lin", 1) Tung-Fang Institute of Technology
2) I-Shou University, 3) National University of Applied Sciences,
4) National Kaohsiung University of Applied Sciences
Ultra-Nanocrystalline Diamond Films for Surface Acoustic Wave Device

Application

IN.Lin", Y.C.Lee”, S.J.Lin®, N.H.Tai”, C.Y.Lee” and H.F.Cheng®
1) Tam-Kang University, 2) National Tsing-Hua University,
3) National Taiwan Normal University

JF MEMS-Based Resonators (Chair: A. Gu)

A MEMS Vacuum Tube Resonator with Field-Emission Type Pick-up
Mechanism
W.Sun, K.Yamashita, B.Chartlot, H.Fujita and H.Toshiyoshi, University of Tokyo
Chip-Scale Atomic Clock Based on Coherent Population Trapping
S.Goka and Y.Watanabe, Tokyo Metropolitan University

An Assessment of the Recent Development of MEMS Oscillators as Compared
with Crystal Oscillators
C.S.Lam, TXC Corp.
Surface Waves in Micro-Machined Phononic Crystals
T.T.Wu, Z.G.Huang and B.G.Liang, National Taiwan University

Closing Address
T.T. Wu, National Taiwan University

63

69

77

83

89

93

97

101

109



Integration of RF Front-End Modules for the Handsets
by Wang-Chang Albert Gu, Yuantonix Inc.

Abstract

RF front-end (FE) of modern wireless terminals and handsets has evolved from a nearly all-discrete
implementation to highly integrated RF IC’s and RF front-end modules (RF FEM). This trend of RF FE integration
is continuing, and will eventually lead to RF front-end engines, which are characterized not by circuit
functionalities, but by standard interfaces. This paper reviews the current trends of RF front-end integration along
with its constituting technologies, followed by technical discussions on the advancement from RF FEM to RF FE
engines for future multi-band and multimode terminals and handsets.

Current Trends in RF Front-End Integration

A. GSM/GPRS Radios

GSM/GPRS handsets are undoubtedly one of the most successful products of consumer electronics in history.
Contributing to this success are its system as well as hardware specifications, which include time-division
duplexing (TDD), Gaussian minimum shift keying (GMSK) modulation, channel spacing of 200 kHz, and a peak
power about 2 watts. TDD avoids the use of costly and bulky duplexers, and the phase-only GMSK modulation
entails the use of high-efficiency PA operated at saturation. Although GSM’s wide channel spacing and relatively
high transmitter power is not the best use of spectrum resource and battery power, it significantly relaxes the
hardware requirements for the desired data rate and receiver sensitivity. To prolong battery life, GSM employs
elaborate power control schemes by closely monitoring the strengths of received signals at the basestation to
minimize the handset transmit (Tx) power. In terms of radio architecture, GSM radios almost universally adopt the
direct conversion, or the zero IF (ZIF) receiver and the translational loop, or the offset phase-lock loop (OPLL)
transmitter architectures. The ZIF architecture relaxes the front-end RF filter requirement since there is no need to
attenuate signals at the image frequencies any more, while the narrow-band nature of OPLL circuit eliminates the
interstate Tx filter (before PAM). Currently, the level of RF FE integration in GSM/GPRS handsets is the highest
among all the handsets, which comprises an antenna switch module (ASM), a power amplifier module (PAM), a
zero-IF (ZIF) transceiver IC, multiple receive (Rx) bandpass filters (BPF), and crystal a oscillator (XO) as shown in

Figure 1.
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Figure 1. RF FE diagrams of GSM handsets: (a) dual bands, (b) triple bands and (c) quadruple bands.



ASM for multi-band handsets is a highly integrated RF FEM, which consists of a diplexer, multiple single-pole-
dual-throw (SPDT) PIN diode switches, phasing circuits, and low pass filters (LPF) as shown in Figure 2. Key
advantages of PIN diode switch include maturity, low costs, as well as single control line for each SPDT switch,
however, it suffers from the fact that its circuit complexities increases linearly with the number of throws in the
overall switching requirements. Further increase beyond four throws using the PIN switches will unavoidably put
them in a cascade configuration, which doubles the overall insertion loss, and consequently, adversely impacts
the receiver’s noise figure and transmitter’s efficiency. It is clear that future handsets are all multi-band and multi-
mode in nature, and current PIN diode switches will be short in meeting their front-end switching requirements.
PHEMT and UltraCMOS transistor switches are poised to replace PIN diode switches in coming years, which will
be discussed later..
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Figure 2. Circuit block diagrams of (a) dual-band and (b) quad-band ASMs.

PAM in GSM handsets today may be better referred to as a transmitter module rather than just a simple PA
module, which encloses multiple-stage RF amplifiers on IC’s, input/output matching circuits, power detectors, and
a control IC encompassing close-loop power control, temperature compensation and logical functions as shown in
Figure 3.. For the amplifiers, GaAs HBT remains as the technology of choice for its power added efficiency (PAE),
power density and long-term reliability. CMOS based PA is slowly gaining ground for its cost and ease of system-
on-chip (SOC) integration, but still lacks in PAE performance, while the increased die size is offset due to SOC

integration.
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Figure 3. Block diagram of a quad-band GSM PAM.
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Rx SAW filters are universally adopted in GSM handsets in single-end-to-balanced configuration to minimized
interference to the received signals. By slowing down the RF signals by more than ten thousand times into
surface acoustic wave signals, the size of the filter is greatly reduced. In addition, the discoveries of leaky-wave
crystal cut such as 36° to 42° Lithium Tantalate crystals in the 80’s paved the ways for the low-loss RF SAW filters.
The path of integration in SAW filters starts with two filters in one package, or the 2-in-1 filter, and is moving to
filter bank solutions. While RF SAW industry enjoys tremendous success today, it also faces challenges not in the
areas of material, manufacturing and design, but in the miniaturized hermetic packages first in chip-scale package
(CSP), and next on the wafer-level package. The hermetic requirement is not likely to go away for SAW devices,
and the exotic nature of its crystalline substrate prevents it from SOC integration onto the transceiver IC, which
propels handsets makers along with component suppliers to develop RF filter solutions more suitable for SOC
integration such as BAW filter, which will be discussed later.

The trend of RF FE integration in GSM/GPRS handsets is continuing to a high level. On the transceiver side,
complete absorption of the VCO control and frequency synthesizer circuitries is underway, leaving behind a
simple crystal oscillator to provide stable frequency reference, which is made of quartz, and requires hermetic
package as well. Yet to be seen is the proposals to develop a all-digital baseband processor, and move all the
mixed-signal functions to the transceiver, which include the analogue-to-digital converter, digital-to-analogue
converter, low pass filters, and various control and driver circuits. The benefits of such approach are three folds:
First, by separating the digital circuitries from mixed-signal and analogue circuitries, the all-digital baseband
processors are much more conducive to application-oriented solutions, which falls mostly into the digital signal
processing (DSP) domains; Secondly, design and manufacturing cycles for the all-digital IC can be more easily
and efficiently streamlined; Finally, the most advanced digital-IC technologies can be adopted immediately before
the corresponding mixed-signal technologies becoming available. Other trends of further integration of RF FE in
GSM/GPRS handsets include: 1) PA/Switch module incorporates the PAM and ASM into a single FEM; 2) Filter
bank module puts multiple Rx filters into a single package; and 3) Transceiver/filter module either integrates the
RF filters onto the transceiver IC, or into a common package.

B. EDGE Radios

The transitional standard called “enhanced data rate for GSM evolution” (EDGE) presents a unique set of
problems in radio design. As a transitional standard, it implies the coexistence of both GSM/GPRS and EDGE
systems in the same coverage areas with the same service provider, and dual-mode handsets are necessary
wherever such systems exit. Relevant to radio hardware, EDGE standards are similar to GSM/GPRS standards,
with only one noticeable difference, i.e., the linear modulation scheme of 8-PSK. The common TDD specifications
and Tx/Rx bands imply the FE ASM and Rx filters can be shared between GSM and EDGE signals, however, the
narrowband OPLL architecture and non-linear PA are unique to GSM transmitter, and EDGE radio requires a
linear transmitter. Linear transmitter will be appropriately covered in the next section when CDMA radio is
discussed. Currently, the most widely used solution for the GSM/EDGE transmitter is a hybrid of OPLL and direct
up-conversion architectures. The GSM signal is still processed through the OPLL circuits bypassing the direct up-
conversion circuit, while the EDGE signal is processed through both circuits with the OPLL serving as a local
oscillator in converting the baseband 1/Q signals directly into RF signals. Such hybrid approach allows a common
PA to be used for both GSM/GPRS and EDGE signals. In terms of RF FE hardware, EDGE radios add a
companion IC for direct up-conversion to the existing ZIF transceiver containing the OPLL transmitter circuit. In
addition, a Tx interstage filter is needed to filter out-of-band noises.

C. CDMA/CDMA2000/WCDMA Radios

After its initial success in the North American market and later in segmented markets in South America and Asia,
CDMA technology is becoming the dominant technology in third generation (3G) standards with 3 variants: 1)
CDMA2000, 2) WCDMA, and 3) TD-SCDMA. Except the nationalistic TD-SCDMA standards, the radio
architectures and hardware implementation in RF FE are similar in all CDMA handset, which is depicted in Figure
4. The major differences between GSM and CDMA handsets are two folds: 1) The frequency division duplexing
(FDD) in CDMA requires a duplexer to provide a low-impedance path for the desired signal (Tx or Rx) while
simultaneously attenuating the other signal separated by a frequency guard-band; and 2) The widely used OPLL
Tx architecture in GSM is not suitable for linear modulations with amplitude modulated (AM) components, and
broadband Tx architectures such as direct up-conversion or polar architecture has to be adopted, which requires
filtering the Tx signal before the PA. Finally, it is more common to use chipset solution for separate transceiver
functions than a single transceiver IC today, however, a single-chip transceiver will become more popular in the
near future for the obvious reasons of implementation simplicity, size and costs.
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Duplexer

The evolution in duplexer technologies is much more lengthy and complicated than SAW filters. The whirlwinds of
RF SAW'’s miniaturized size and weight have swept the filter landscape clean of RF ceramic filters in the mid 90’s,
while similar forces has only taken the SAW technologies halfway into the duplexer application in CDMA handsets.
More specifically, although SAW duplexers dominate in 850-MHz (cellular) band, the 1900-MHz (PCS) band
duplexers is dominated by the film bulk acoustic resonator (FBAR) technology. FBAR technology, or the bulk
acoustic wave (BAW) technology in general, has advantages over SAW in three important areas: 1) higher
resonator quality (Q) factor for better insertion loss and steeper filter roll-off, or the so-called skirt, 2) better
thermal stability for relaxed temperature margins in the duplexer design, and 3) better power handling capabilities
for passing amplified Tx signals. Furthermore, SAW technology is reaching it's upper frequency limits in RF filter
applications. As the frequency of SAW device is determined by the finger widths of its interdigit transducers, its
insertion loss suffers as these fingers become narrower and thinner at higher frequencies. The upper frequency
limit for low-loss RF SAW filter applications is probably around 2.0 to 2.5 GHz, which covers most wireless
handset applications today, however, as mentioned earlier, the PCS duplexer presents great challenges to SAW
manufacturers, and the upcoming WiMAX applications with frequencies in the range of 2 to 10 GHz are definitely
beyond the scope of SAW.

BAW devices come in two distinct flavors, they are: FBAR with suspended piezoelectric thin-film membrane, and
solidly mounted resonator (SMR) technology with piezoelectric thin-film sitting on top of a multi-layered acoustic
mirror. FBAR duplexer enjoys the first-mover advantages in the market places, however, it requires great
attention in controlling the residual stress in the membrane after the suspended film is released. Both FBAR and
SMR devices also require precise control of the crystalline structure in the thin-film as well as its thickness, which
are mostly made of Aluminum Nitride (AIN) or Zinc Oxide (ZnO) materials. Finally, all SAW and BAW devices
require hermetic packages to protect their active surface from particulate and condensate, which may adversely
affect their frequency precision and performance in frequency selectivity.

Hermetic packaging not only adds to the costs for these acoustic devices, it also prevents them from an easy
integration path in RF FEM’s and transceiver IC as well. In RF FEM integration, SAW and BAW devices are first
enclosed by a chip-scale package (CSP) with hermetic cavities before packaged again in the RF FEM package.
Therefore, these devices will see at least three high-temperature environments during the manufacturing cycles of
the phone boards, which are especially hostile to SAW devices due to their pyroelectric nature. The BAW
processes are compatible to CMOS processes, which opens the door for transceiver SOC integration. Strictly
speaking, the FBAR processes are of the MEMS varieties, and its transceiver SOC integration is feasible but may
not be economical. Although SMR is the best candidate for future transceiver SOC integration, it still requires
hermetic protection at the wafer level, or a micro-cavity, before it is packaged along with the transceiver IC.

Moving on to the PAM for CDMA handsets, all CDMA standards adopt linear modulations with AM and phase
modulated (PM) components. Unlike PM-only modulation as in GSM, designers of CDMA transmitters face
difficult design trade-offs in linearity, complexities and PAE. Fortunately, CDMA PA’s are operated at about 6 dB
lower than GSM ones, and linearity and complexities are of the primary concerns for signal fidelity and lower
costs. Today most CDMA transmitters adopt the direct up-conversion architecture for its simplicity with PA
operating at a “back-off” point from saturation for best linearity, while PAE is compromised. With more and more
power-hungry applications added to the handsets such as MP3/4’s, mobile TV’s, and prolonged internet
connection, there is no doubt that saving battery power has to become higher priority in the CDMA PAM design.



To date, the best candidate for the high-efficiency as well as high-linearity performance is the so-called polar-loop
architecture, where the amplitude and phase components of the modulated signal are processed separately. The
PM components are amplified in a “non-linear PA”, which is operated at saturation point without loss of fidelity,
while the AM components are processed and added back to the overall signal via the dynamic biasing voltages
presented to the PA, which is proportional to the AM components of the original signal. For power control
considerations, the polar loop is implemented with a feedback loop and power detection circuits at the output of
the PAM.

The PAM'’s for CDMA handsets are noticeably smaller and simpler than GSM PAM’s due to the fact that most
control, compensation and logic circuitries are not integrated into the PAM. Figure 5 shows a typical COMA PAM
with its functional blocks, which comprise a two-stage amplifiers, input/output matching circuits and biasing circuit.
The CMDA PA’s are predominantly of the GaAs HBT varieties, and GaAs pHEMT running as a distinct second.
The integration path for CDMA PAM'’s will follow that of GSM PAM'’s by incorporating the control, compensation
and logic functions into the PAM. In the markets supporting dual-band CDMA system, dual-band CDMA PAM will
become more common as well. Finally, as will be discussed later, future 3G handsets are inherently multi-band
and multi-mode, which calls for a single-pole-multiple-throw RF FE switch, and pHEMT technology is the leading
candidate to provide such challenging RF FE switching functions. pHEMT technology is appealing in that the
power-amplifying and switching functions can be integrated onto a single RF IC along with the required control,
compensation and logic functions using the emerging enhance/depletion (E/D) mode pHEMT technology.
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Figure 5. Block diagram of a CDMA PAM.

To illustrate its complexities, Figure 6 shows the FR FE of a CDMA/CDMA2000 handset. It is noticed that the
global positioning system (GPS) is becoming a standard feature for handset sold in the North American market,
and a FE triplexing circuit or a SP3T switch is required. Using a triplexer has the advantage of receiving the GPS
signals and simultaneously making a CDMA phone call, while the SP3T switch forbids such simultaneous
operations. Like GSM radios, the RF FE of CDMA/CDMA2000/WCDMA handsets are moving to a higher level of
integration with the following trends: 1) 2-in-1 filters puts two Rx or Tx filters into a single package; 2)
PA/duplexer/Tx filter module incorporates the PAM, duplexer and Tx SAW filter into a single FEM; and 3)
Triplexer/duplexer module incorporates the triplexer and duplxers into a single FEM.

RF FE Engines for the Multi-Band, Multi-Mode Handsets

As mentioned earlier, 3G handsets are inherently multi-band and multi-mode, and modular approaches in its RF
FE is the only way to achieve the desired time-to-market for handset manufacturers. Figure 7 depicts the RF FE
diagram of a WCDMA/GSM/GPRS handset, where all the blocks have been discussed in the previous sections
except the SP7T switch. This new SP7T switch has very stringent requirements in linearity, insertion loss and
power handling. The linearity requirement for conventional ASM used in GSM/GPRS handsets is much relaxed
than CDMA/CDMA2000/EDGE/WCDMA handsets due to its constant-amplitude GMSK modulation. CDMA and
all 3G radios adopt linear modulations with signals containing both AM and PM components, and linearity is
essential to prevent cross modulations between these AM and PM components, otherwise, loss of digital data will
be prevalent. In addition, this SP7T switch has to provide at least 3 low-loss ports for passing GSM/GPRS and
WCDMA Tx signals. Several manufacturers are currently developing this SP7T switch using different technologies
such GaAs E/D pHEMT, GaAs E/D JFET and UltraCMOS technologies, in the mean time, cascading SP4T



switches or the combination of a diplexer and SP3T/SP4T switches serve as a interim solution. Finally, it is
worthwhile to mention that single control line is required for the SP2T PIN diode switch such that only 2 control
lines is needed for a SP4T PIN diode switch. This is not the case for transistor switches, where a control line is
needed per “throw” of the switch, e.g., four control lines are needed for a SP4T transistor switch. To reduce the
complexities between baseband IC and FEM, the control logics of transistor switches has to be simplified, and the
GaAs E/D modes is an enabling technology for this advanced switching solution, where the depletion-mode
switches and enhancement-mode logic circuits are integrated onto the same RF IC.
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Figure 7. RF FE diagram of a WCDMA/GSM/GPRS multi-mode handset.



As a 3G standard, CDMA2000 adopts evolutionary paths for improved high-speed data communications.
CDMA2000 consists three evolutionary networks: 1XRTT (single carrier radio transmission technology), 1XEV-DO
(1x revolution data optimized), and 1xEV-DV (1x revolution data & voice), which are also backward compatible
with 2G CDMA/IS-95 networks. Since there is no added spectrum resource in CDMA2000 networks, further
improvement in voice capacities and high-speed data traffic has to be accomplished via advanced radio hardware
as well as software in both basestations and handsets. On the handset side, the most important development is
the so-called “diversity receiver” technology, where a 2n independent receiver is added to counter the problems
of multi-path fading for improving the sensitivity of the overall receiver. A typical CDMA2000 handset with diversity
receiver is depicted in Figure 8. It should be noticed that there is no protection of a duplexer in the diversity path
from the Tx blockers in the main path, and this job of added protection is partially fallen onto the Rx filters in the
diversity path.
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3G cellular technologies are capable of delivering rich services in voice, audio, video and high-speed data
communications. Handset manufacturers are facing ever-increasing complexities in hardware and software of
application processors, and radio FE’s have also grown considerably as seen in Figures 7 and 8, not to mention
the yet-to-be-implemented polar loop PA for extending battery life. The trends for handset manufacturers to focus
more on developing application-oriented solutions in baseband processors will undoubtedly shift the development
of radio FE solutions to RF FEM providers. Radio hardware is notoriously known for its long development cycle
due to the coexistence of strong Tx and weak Rx signals spanning as high as 100 dB apart, i.e., 10 billions to one.
Even in its highly modular forms, interactions and interferences between FE modules and other supporting circuits
can still be overwhelming in the multi-modes and multi-bands configurations. The time-to-market of handsets can
be greatly improved if the radio FE is provided in a single shielded package called “RF FE engine,” or RF FEE.
For example, figures 9 and 10 illustrate, respectively, the RF FE engines of a quadruple-bands GSM/GPRS radio
and a single-band CDMA/WCDMA/CDMAZ2000 radio. It is noticed that RF transceivers are not included in above
mentioned RF FEE’s due not to technical reasons, but to the market reality of separate suppliers of transceiver
and RF FEM, furthermore, RF transceiver IC’s are mostly provided with baseband IC’s in a chipset arrangement.
Inclusion of RF transceiver in RF FEE will eventually come about for technical considerations of optimized RF
performance and completely shielded circuits from outside interference.

In conclusion, RF FE engines allow handset manufacturers to acquire fully debugged, trouble-free radio FE
solutions for the emerging multi-bands and multi-modes handsets with greatly reduced time-to-market. Future
handset manufacturers should be able to efficiently and quickly configure radio FE hardware similar to adding



standardized components and features of personal computers, and the burden of designing radio FE’s will be
shifted from handset manufacturers to RF FEM providers today.
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Figure 9. RF FE engine of a quadruple-bands GSM radio.
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Smaller SAW Duplexer(3x2.5mm?) for US-PCS having Good
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Abstract— Using flattened-SiO>/Cu-electrode/36~48°
LiTaO3 structure, small size (5x5mm?) surface acoustic
wave (SAW) duplexer with a good temperature coeffi-
cient of frequency (TCF) for US-PCS was realized by au-
thors. However, a smaller duplexer has been strongly re-
quired. Using flip-chip bonding process of SAW chips and
Rayleigh SAW propagating on the flattened-SiO2/Cu-
electrode/126~128°YX-LiNbO3, which has larger cou-
pling factor than above-mentioned substrate, a smaller
sized (3x2.5mm?) SAW duplexer with a good TCF has
been realized.

I. INTRODUCTION

To realize the SAW duplexer for US Personal Com-
munication Services (PCS), a SAW substrate having
a suitable electromechanical coupling factor, a good
temperature characteristic, and a large reflection co-
efficient is required. Authors have already realized
the 5.0x5.0x1.7mm?3(5050) size SAW duplexer for US-
PCS with a good temperature coefficient of frequency
(TCF) by using the flattened-SiO,/Cu/36~48°YX-
LiTaO3(LT) structure, and this SAW duplexer is widely
used in a market[1][2]. The authors investigated further
miniaturizing to a 3.0x2.5x1.2mm?3(3025) size duplexer
according to the market requirement.

As above-mentioned 5050 SAW duplexer are used
bonding wires to connect SAW chips with the pack-
age, it is effective to employ a flip-chip bonding tech-
nique to miniaturize duplexer. However, the bonding
wires in Tx filter of the SAW duplexer is operated to
expand its bandwidth as expansion inductors, but the
flip chip bonding can’t be operated as the expansion
inductor. And the 5050 sized duplexer uses the exter-
nal components for impedance matching on the printed
board but those external components cannot be used
in the case of 3025 size because these is no space. So,
in order to realize a 3025 sized US-PCS SAW duplexer,
the SAW substrate for Tx filter should have the elec-
tromechanical coupling factor of 1.2 times larger than
that of previously reported Tx filter of the 5050 size
duplexer. Although it is possible to enlarge a cou-
pling factor by thinning a thickness of SiO, film from
the proper thickness to compensate the TCF, it intro-
duces degradation of the TCF. Then authors investi-
gated LiNbO3 (LN) substrate having larger coupling
factor than 36~48°YX-LiTaO3 instead of LiTaO3 of the
Si02/Cu/36~48°YX-LiTaO3 structure. And this new

structure of the flattened-SiO,/Cu-electrode/LiNbO3
was applied to Tx filter of US-PCS SAW duplexer, then
smaller sized (3.0x2.5mm?) SAW duplexer with a good
TCF has been realized.

I1. Rayleigh wave on SiO,/Cu/LiNbOg
structure

A. Calculation results

In order to realize a large coupling factor, authors
investigated a new structure of the flattened-SiO,/Cu-
electrode/LiNbO3 using LiNbOj3 substrate instead of
previous reported LiTaOj substrate[l]. The structure
of flattened-SiO; /Cu-electrode/substrate previously re-
ported by authors is shown in Figure 1. The SiO; film
and Cu-electrode were composed in order to compensate
the TCF and realized the large reflection coefficient, re-
spectively.

IDT

Figl. Flattened-SiO2/Cu/LiNbO3 structure.

The electromechanical coupling factors of Rayleigh
wave and leaky SAW (LSAW) on the SiO,/LiNbO3
structure are shown in Fig.2 as function of § of Euler
angles (0°, 6, 0°). The theoretical results are calcu-
lated by the reference[2]. Figure 2 shows results of the
SiO; film of thickness 0, 0.2\, 0.3\ and 0.4\, where A
is a wavelength of SAW. In the case of SiO, thickness
of 0.3\ , the results of Cu film of 0.05)\ is also shown.
It is clarified that the coupling factor of Rayleigh wave
becomes maximum when 6 is about 38° it is called as
128° rotated Y cut and then that of LSAW becomes
minimum. The maximum coupling factor at the SiO;
thickness of 0.3, Cu electrode one of 0.05), and §=38°
is about 1.2 times larger than that of LSAW on the
previously reported SiOz/Cu/36~48°YX-LiTaOg3 struc-
ture[l]. The reflection coefficient of Rayleigh wave on
the generally used Al-electrode/128°YX-LiNbOj3 struc-
ture is not large enough to be applied to a resonator
with grating reflectors. So, Wen et al reported that
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large reflection coefficient is obtained by substituting
Al-electrode to Cu-electrode[4]. But there were not
reported SiO2/Cu/128°YX-LiNbO3 structure and its
TCF.

Figure 3 shows the reflection coefficient at a finger
electrode on Rayleigh wave on the surface flattened-SiO»
structure and not flattened one as the function of thick-
ness of Cu and Al electrodes at the SiO, thickness of
0.3\. The Finite Element Method (FEM) was used in
the calculation. The reflection coefficient at the Al elec-
trode of Rayleigh wave is too small to be applied to
resonator devices whether the surface of an SiO, film is
flattened or not. On the other hand, the reflection coeffi-
cient at the Cu-electrode in the case of a flattened-SiO»
surface is significantly larger than that of a not flat-
tened one. This phenomenon has the opposite tendency
to that of the SiO,/Cu-electrode/36~48° -LiTaO3
structure applied to the 5050 sized duplexer[l]. That
is, the reflection coefficient of the flattened-SiO,/Cu-
electrode/36~48° -LiTaOg3 is smaller than that of
non-flattened one. These results means that flatten-
ing of the SiO, surface is effective to obtain a suf-
ficient reflection coefficient of Rayleigh wave on the
Si02/Cu/120~128°YX-LiNbOj structure. It is clarified

that the Cu-electrode thickness should be thicker than
0.03)\ in order to obtain sufficient reflection coefficient
and low resistivity.

B. Application to a one-port resonator

Figure 4 shows the frequency responses of the one port
resonators of the previously reported SiO;/Cu-electrode
/36~48°YX-LiTaO3 structure and above-mentioned
newly developed SiO,/Cu-electrode/128°YX-LiNbO3
one. The wavelength of either resonator is 1.9um, the
number of IDT pairs is 120, the aperture is 32um, the
Cu-electrode thickness is 0.03\, the SiO; film thickness
is 0.3, and metalization ratio of fingers is 0.5. In the
figure, the frequency is normalized by each resonant fre-
quency.
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Fig4. Frequency responses of resonators composed of conventional
and newly developed structures.

Table I shows the Q values at the resonant frequency
and anti-resonant frequency, the relative bandwidth nor-
malized by the resonant frequency, and the TCF of the
anti-resonant frequency of each resonator. The cou-
pling factor, which is relative to the bandwidth, of
the newly developed Rayleigh wave on the flattened-
Si0,/Cu-electrode/128°YX-LiNbOg structure is 25%
larger than the SiO2/Cu/36~48°YX-LiTaO3 structure
without degradation of the Q value and TCF, though
a spurious response is generated at a little higher fre-
quency than the anti-resonant frequency as shown in
Fig.4. This spurious response is due to a LSAW.

Figure 5 shows the frequency responses of a one-port
resonator on 120°, 124°, and 128°YX- LiNbOj3 with
SiO, film and Cu-electrode. The Cu-electrode thick-
ness is 0.03\, the SiO, thickness is 0.3\, and the met-
alization ratio is 0.5. In Fig.5, the spurious responses

Table I
SAW resonator properties of SiO2/Cu/LiTaO3 and
Si02/Cu/LiNbOs3 structures.

substrate Qr Qa Band width TCF(fa)
(farfr)/fr__(ppm/°C)
Si02/Cu/36-48°YX-LT 320 1080 0.0226 -8
Si02/Cu/128°YX-LN 320 1070 0.0281 -7




of the LSAW are observed on a rotated cut angle of
the LiNbOj substrate. In addition to the cut angle,
the spurious response also depends on the thickness of
Cu-electrode and SiO, film. It is confirmed that the
spurious response would be able to be eliminated by op-
timizing a cut angle according to the design parameters
such as a Cu-electrode thickness, a metalization ratio,
and an SiO» film thickness.
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Fig5. Frequency responses of resonators on SiO»/Cu/120~128°
YX-LiNbO3.

I11. Applying to a US-PCS duplexer

The newly developed flattened-SiOz/Cu/120~128°
YX-LiNbO3 structure was applied to the Tx filter of
the 3025 sized US-PCS SAW duplexer. The Tx filter
of the duplexer is ladder type consisting of three series
resonators and three parallel resonators, while the 5050
sized duplexer has two parallel resonators. The Rx filter
used a SiOy/Cu-electrode/36~48°YX-LiTaOj3 structure
as same as the previous report[1]. Both SAW chips of
Tx and Rx filters are connected to the package by a flip
chip bonding technique.

Figure 6 shows the frequency response between the Tx
filters of the newly developed 3025 sized duplexer and
the previously reported 5050 sized one. The improve-
ment of the insertion loss of 0.2dB is realized compared
with the previous 5050 sized duplexer.

Figure 7 shows response in wide range of frequency
(0 to 6GHz) of the Tx filters of the newly developed
3025 sized duplexer and the previously reported 5050
sized one. In addition to the improvement of the in-
sertion loss, the improvement of the attenuation in the
frequency range of 2.4GHz to 6GHz is realized by em-
ploying above-mentioned third parallel resonator.

Figure 8 shows the frequency responses at -30°C,
25°C, and 85°C of the Tx filter. The temperature co-
efficient of frequency of higher side slope of the filter
is -10~-15ppm/°C as same as the previous Tx filter of
5050 duplexer. As the results, it is realized that the
maximum insertion loss of Tx band (1850~1910MHz)
is 3.4dB and that the minimum attenuation of Rx band
(1930~1990MHz) in 43dB in the temperature full range
from -35°C to 85°C. And it is also confirmed that the

newly developed duplexer can satisfy enough power han-
dling capability and long term reliability required for a
duplexer.
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IV. Conclusion

The one port resonator with 25% wider bandwidth
and without degradation of the QQ values and TCF has
been realized by using Rayleigh wave on the newly
developed flattened-SiO,/Cu-electrode/120~128°YX-
LiNbOj3 structure, compared with that of the previously
reported the flattened-SiO,/Cu-electrode/36~48°YX-
LiTaOg3 structure. These new resonators are applied
to the Tx filter of SAW duplexer for US-PCS and the
Rx filter is composed of previously reported flattend-
Si0,/Cu-electrode/36~48°YX-LiTaO3. In the addition
to them, by using flip chip bonding, authors have re-
alized significantly miniaturizing of US-PCS SAW du-
plexer from 5x5x1.7mm?® to 3.0x2.5x1.2mm?. The Tx
filter with lover insertion loss and the lager attenuation
in the range from 2.4GHz to 6GHz and the same TCF
value of -10 to -15ppm/°C has been realized compared
with the previous developed 5050 size duplexer.
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Abstract—Next generation wireless broadband systems should
use higher carrier frequencies, and thus RF devices operating
in the super high-frequency (SHF) band have become
increasingly important. A novel piezoelectric Lamb wave
(PLW) resonator composed of a Mo/AIN/Mo composite
membrane is described for applications in the SHF band. We
numerically and experimentally investigated the
characteristics of PLWs propagating in the composite
membrane. In both simulation and fabrication results, we
found that a PLW with a phase velocity exceeding 25,000 m/s
can be excited in the membrane. These results indicate that the
membrane is suitable for PLW resonators in the SHF band.

L INTRODUCTION

Mobile broadband systems have been rapidly developed
to enable Internet-access and multimedia- and data-based
services as fast as those provided by wire communication
technologies. Carrier frequencies of future systems such as
mobile WiMAX and IMT-advanced systems (4G) should be
in the super high-frequency (SHF) band, and thus RF devices
operating in the SHF band have attracted much interest.
Surface acoustic wave (SAW) resonators in RF circuits of
conventional mobile terminals have been widely used
because of their small size and high quality factor [1]. The
resonant frequency of SAW resonators is uniquely
determined from the wavelength and acoustic velocity. A
short wavelength and/or high acoustic velocity are necessary
to obtain high frequency SAW resonators. The excitation of
short-wavelength SAWs requires a finely fabricated
interdigital transducer (IDT), which results in an increase in
the manufacturing cost. On the other hand, the SAW velocity
is dependent on the materials and the cut angles of the
substrates and the wave modes. Various attempts have been
made to obtain a high-velocity SAW [2]-[7]. The highest
SAW velocity reported up to now is approximately 10,000
m/s, and it was obtained using a layered structure with a
diamond film [5]. However, SAW resonators operating in
the SHF band require a higher acoustic velocity.

RF resonators using piezoelectric Lamb waves (PLWs)
have a great potential for application in the SHF band
because PLWs propagating in thin plates with a thickness
comparable to the wavelength have a velocity that exceeds
that of SAWs. Pioneering research on RF resonators based
on PLWs has been conducted [8], [9]. Nakagawa et al.
reported a PLW resonator that uses an AT cut quartz
substrate and showed that their resonator obtained a
frequency approximately three times higher than that of an
SAW resonator when using the same substrate [8]. Bjurstrom
et al. reported a PLW resonator that consisted of a sputter-
deposited AIN piezoelectric film and Al electrodes [9]. Their
resonator was fabricated with a freestanding AIN membrane
using micromachining technology. However, to extend the
operating frequency of PLW resonators to the SHF band, we
need to investigate the propagation characteristics of PLW
modes that have a higher velocity.

We suggested a novel PLW resonator composed of a
Mo/AIN/Mo composite membrane for application in the
SHF band [10]. Using simulated and experimental methods,
we investigated the PLW characteristics propagating in the
composite membrane for resonators operating in the SHF
band. We obtained the impedance of a fabricated PLW
resonator with a resonant frequency of 3.128 GHz and a
relative bandwidth of 0.60%. The results indicate that the
phase velocity of the excited PLW mode was as high as
25024 m/s.

II.  SIMULATION

We used a finite element method (FEM) simulation to
examine the characteristics of the PLWs propagating in the
Mo/AIN/Mo composite membrane.

A. Mo/AIN/Mo Composite Membrane Model

Figure 1 shows the composite membrane model for our
FEM simulation. The membrane consists of an AIN layer, an
IDT in the middle plane of the AIN layer, and top and
bottom Mo layers. The polarization direction of the AIN
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Fig. 1. Mo/AIN/Mo composite membrane model for
FEM simulation.

layer is the same as the z-axis direction. The top and bottom
Mo layers enhance the electromechanical coupling by
directing the electric field in the same direction as the
polarization. The top and bottom surfaces of the membrane
are stress-free boundary conditions. The IDT fingers
periodically arrange toward the x-axis direction and
alternatively are applied positive and negative voltages. In
Fig. 1, [ is the line width of the IDT fingers, s is the space
between adjacent fingers, s, is half of the AIN layer’s
thickness, and /%y, is the Mo layer’s thickness. The top and
bottom Mo layers have the same thickness in this model. We
assumed that the model had an infinitely thin IDT. The
IDT’s period, 2/+2s, equals the excited piezoelectric Lamb
wavelength, Ay. Therefore the normalized thickness of the
composite membrane is defined as #/4,, where h =
ZhA1N+2hM0 and /1() =2/+2s.

A two-dimensional model in the zx plane was used in the
FEM simulation because the dimension along the y-axis
direction is far larger than that along the z- and x-axis
directions. A pair of IDT fingers was under periodic
boundary conditions in the x-axis direction. The AIN
material constants used in the simulation were those reported
by Tsubouchi and Mikoshiba [3].

B. FEM Simulation Results

The FEM simulation estimated PLW modes with a high
phase velocity and a large relative bandwidth excited in the
composite membrane. The relative bandwidth is defined by
(faf)/fs» Where f; and f;, are the resonant and anti-resonant
frequencies. Figures 2(a) and 2(b) show the particle motions
of the estimated PLW modes (L; and L,) with good
electromechanical coupling. The vector base and direction
shown in Figs. 2(a) and 2(b) represent the maximum point
and the direction of the particle displacement. For both L,
and L,, the displacement components in the x- and z-axis
directions were asymmetric and symmetric. Symmetric
modes were not excited in the composite membrane because
the polarization direction of the AIN layer is asymmetric
with respect to the middle plane of the membrane.

Y +V -V

P

(@)

\/

(b)

Fig. 2. Particle motions of PLW mode Z, (a) and
mode L, (b) estimated using FEM simulation.

Figures 3(a) and 3(b) show the estimated dispersion
curves and bandwidths of L, and L, propagating in the
membrane when the top and the bottom Mo layers were
infinitely thin. Figure 3(a) shows that the phase velocities of
L, and L, increase steeply when //4y decreases. As shown in
Fig. 3(b), L, and L, obtained maximum bandwidths of 1.47%
and 0.57% at an A/Ay of 0.5. When L, and L, reached the
maximum bandwidth, their phase velocities were 11,446 m/s
and 18,893 m/s.

Figures 4(a) and 4(b) show the estimated dispersion
curves and bandwidths of L, and L, propagating in the
composite membrane when the ratio of 7y, to Aan was 0.2.
The reason for L, being absent at an 4/, of 0.1, as shown in
Figs. 4(a) and 4(b), is that the bandwidth of L, at an 4/4 of
0.1 was below 0.05%, and we opted to exclude modes with a
bandwidth below 0.05% in this study. The phase velocities
of L, and L, shown in Fig. 4(a) are lower than those shown in
Fig 3(a) because the model shown in Fig. 4(a) contained Mo
layers with finite thickness. The maximum bandwidths of L,
and L, were 0.89% and 1.38% at an 4/4, of 0.5, as shown in
Fig. 4(b). When L, and L, reached the maximum bandwidth,
their phase velocities were 8,870 m/s and 15,539 m/s. By
comparing the results shown in Figs. 3(b) and 4(b), we found
that when the Mo layers have a finite thickness, the
bandwidth of L, decreases, and the bandwidth of L, increases.
When heavy metals were put at the maximum displacement
point, the bandwidth increased due to the mass loading effect.
On the other hand, when metals were put at the maximum
stress point, the bandwidth decreased due to a lowering of
the piezoelectric efficiency. Therefore, the increased L,
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Fig. 3. Estimated dispersion curve (a) and bandwidth

(b) of L, and L, propagating in composite membrane,
where Ay,=0.

bandwidth can be attributed to the mass loading effect of Mo.

However, the maximum displacement and stress points for
L, were concentrated on the top and bottom surfaces of the
composite membrane, as shown in Fig 2(a). We believe that
the lowering of piezoelectric efficiency is more influential
than the mass loading effect for L; when the surfaces are
covered with a thick Mo layer.

To achieve high velocity PLW excitation with
bandwidths greater than 1.0% for applications in the SHF
band, we need an L, around an //4, of 0.3 to get acceptable
performance, as shown in Figs. 4(a) and 4(b). L, obtained a
phase velocity of 25,741 m/s and a bandwidth of 1.18% at an
hl2y 0f 0.3.

III.  FABRICATION

To support the simulation results, we fabricated
composite membrane PLW resonators, as shown in Figs.
5(a) and 5(b). A 76-mm-diameter (100) silicon wafer was
used as the substrate. The AIN and the Mo layers were
deposited by RF and DC magnetron sputtering. The AIN
layers were grown with a highly c-axis-preferred orientation
normal to the surface of the substrate. An air gap was formed
underneath the composite membrane to prevent acoustic
energy leakage to the substrate.
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Fig. 4. Estimated dispersion curve (a) and bandwidth
(b) of L; and L, propagating in composite membrane

where A/ Ayn=0.2.

Composite membrane

(b) Top Mo layer (0.2 pm)

IDT (0.2 pm)

Bottom Mo layer (0.2 pm)

AIN layer
(1.0 + 1.0 um)

Si
substrate

Underlayer

Fig. 5. Micrograph (a) and cross-sectional structure
(b) of fabricated composite membrane PLW resonator.



The fabricated PLW resonators had an IDT with 12.5 pairs
of fingers. Four PLW resonators with IDTs of different
periods (6.2, 8.0, 9.6, and 12.0 um) were fabricated, and the /
and s were the same for each IDT. Figure 5(a) shows the
PLW resonators with the IDT period of 6.2 um. As shown in
Fig. 5(b), an han of 1.0 um, an Ay, of 0.2 um and an IDT
thickness of 0.2 pm were used in each resonator, and an / of
2.4 pm was assumed when the IDT thickness was not taken
into consideration. Therefore, the /A, of the fabricated PLW
resonators were 0.375, 0.300, 0.250, and 0.200. An
underlayer was inserted beneath the bottom Mo layer to
enhance the crystalline quality of the composite membrane

[11].

Figure 6 shows X-ray diffraction (XRD) patterns (6-26
scan) of a fabricated PLW resonator. Diffraction peaks
indicating AIN(0002)- and Mo(110)-preferred orientations
were detected. The full width at half maximum of the
AIN(0002) and Mo(110) rocking curves were as good as 1.5
degree and 2.5 degrees, respectively.

IV. RESULTS AND DISCUSSION

The composite membrane PLW resonators were
measured in S parameters using a network analyzer and a
wafer probe, and then the impedances of the resonators were
calculated from the S parameters. Figures 7(a) and 7(b) show
the impedance of the composite membrane PLW resonator
with an %/, of 0.300. In Fig. 7(a), two PLW modes have a
large relative bandwidth at 1.420 GHz and 3.128 GHz,
respectively. The phase velocities of these modes of the
resonant frequencies at 1.420 GHz and 3.128 GHz were
estimated to be 11,360 m/s and 25,024 m/s, which
correspond with those of L, and L, derived during the FEM
simulation. In Fig. 7(a), we noticed that L, has prominently
good electromechanical coupling that is consistent with the
simulation results, indicating great potential for use with RF

Intensity (arb. unit)
Mo(110)
Si(100)

AIN(0002)

| \L _J f
10 20 30 40 S50 60 70 80
26 (degree)

Fig. 6. XRD pattern of Mo/AIN/Mo composite
membrane deposited on Si(100) substrate.
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Fig. 7. Impedance of fabricated composite membrane
PLW resonator with A4, of 0.3, measured wide
frequency range from 0.05 to 8.0 GHz (a), and narrow
frequency range from 2.9 to 3.3 GHz (b).

resonators. In Fig. 7(b), the measured bandwidth of L, is
0.60%, which is about half of the simulated value. The
decrease in bandwidth is may be caused by imperfections in
the crystal quality of the AIN layers. We assumed that the
AIN layers were a single crystal in the FEM simulation.
However, sputter-deposited AIN layers contain grain
structures, and hence, they may cause deterioration in the
electromechanical coupling.

The quality factor of the PLW resonator was derived
from the impedance [7]. For a PLW resonator with an A/4, of
0.300, as shown in Fig. 7(b), the quality factors at the
resonant and antiresonant frequency were 408 and 107. The
energy loss of our PLW resonator may be due to sub-optimal
components such as incorrect sized IDTs and the absence of
acoustic reflectors.

It should be noted that a fabricated PLW resonator with
an h/4y of 0.300 had an IDT period as large as 8.0 pum.
Therefore, the results shown in Fig. 7(b) indicate that a high
operating frequency above 3 GHz is achievable despite a
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large IDT period, such as 8.0 um, by using the composite
membrane PLW resonator.

Figure 8 shows the relationship between the phase
velocities and /4/4, in which the solid circles and line indicate
the phase velocities obtained using the fabricated PLW
resonators and simulated results. The measured phase
velocity had good agreement with the simulated phase
velocity, as shown in Fig. 8. In the simulation, the IDT
thickness was assumed to be infinitely thin, as mentioned
previously. The smaller the A/4, is, the more the IDT

thickness influences the propagation characteristics of PLWs.

Therefore, as the 4/4, decreased, the differences between the
measured and simulated phase velocities increased, as shown
in Fig. 8.

The measured and simulated results obtained in this
study demonstrate that the composite membrane structure is
suitable for an exciting high velocity PLW with a large
bandwidth and has great potential for use with RF resonators
in the SHF band.

V. SUMMARY

We examined the PLW characteristics propagating in a
novel composite membrane structure for RF resonators
operating in the GHz range. The simulated results show that
a PLW with a high phase velocity of 25,741 m/s, which is
2.5 times larger than the highest SAW velocity [5], and a
relative bandwidth of 1.18% can be excited in a composite
membrane structure. The simulated results were supported
experimentally. We fabricated composite membrane PLW
resonators and demonstrated that the phase velocity of the

excited PLW mode was as high as 25,024 m/s and that the
relative bandwidth was 0.60%. These results show the
potential use of the composite membrane PLW resonators in
applications that operate at higher GHz ranges.
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Abstract— The ”Temperature Compensated Crystal Oscillator
(TCXO0)” is widely used as a stable frequency source of a mobile
communication equipment. Demand for low-power operation of
TCXOs stimulates the development of fully integrated CMOS
analog TCXOs. A TCXO is composed of a voltage controlled
crystal oscillator and a temperature characteristics compensation
circuit. We have proposed a new CMOS temperature character-
istics compensation circuit for TCXO. The proposed circuit is
composed of a new temperature sensor and a new compensation
function generator. The performance of the proposed sensor and
compensation function generator are evaluated by simulation.
The sensor shows the sensitivity of 1.17mV/°C and nonlinearity
less than 0.4% for the temperature range between -30°C ~
80°C. And the total performance of TCXO is estimated. The
compensated frequency deviation is within + 0.5ppm and the
total DC consumption current is under 1.0mA.

1. INTRODUCTION

The "Temperature Compensated Crystal Oscillator(TCXO)”
is widely used as a stable frequency source of a mobile
communication equipment. A variety of TCXOs have been
developed since 1956 when the first idea of TCXO is pub-
lished. TCXOs can be classified by the compensation method
of frequency-temperature characteristics of a crystal oscilla-
tor: analog TCXO and digital TCXO. The analog TCXO
is classified into direct analog TCXO and indirect analog
TCXO. The direct analog TCXO compensates the frequency-
temperature characteristics by using the temperature depen-
dence of a load capacitance circuit of the oscillator[1]. The
load capacitance circuit is composed of capacitors, resistors
and thermisters. The indirect analog TCXO is composed
of a temperature sensor, a compensation function generator,
and a voltage controlled crystal oscillator[2]. The VCXO is
controlled by the analog compensation voltage generated by
the compensation function generator[3][4]. The analog TCXOs
have been widely used because of their superiority in phase
noise. The digital TCXOs were developed by responding to the
needs of high precision temperature compensation[5][6][7].
Further improvements of digital TCXOs are under study,
e.g. a TCXO using SC-cut oscillator [9][10]. Until the end
of the 20th century, most of TCXOs are made by bipolar
transistors because of their low noise property. But in the
early 21st century, a fully integrated CMOS analog TCXO
was developed to meet the demands for low power and low

noise operation [11]. In these days, there is the demand for
further improvement of TCXOs.

In this paper, we have proposed a new MOS TCXO. A new
temperature sensor and compensation function generator have
been introduced in the proposed TCXO. The performance of
the proposed TCXO has been tested by simulation.

II. CIRCUIT STRUCTURE

Fig 1 shows a block diagram of a TCXO. A TCXO is
composed of a compensation function generator and a voltage
controlled crystal oscillator. Usually, a VCXO uses a AT-cut
crystal resonator and its temperature dependence of frequency
is a cubic function of temperature. Therefore, a compensation
function generator is composed of a temperature sensor and
a cubic function generator. In this section, the structure and
property of each block are explained in detail, placing an em-
phasis on the temperature sensor and compensation function
generator.

Compensation Function Generator

|
| | Temperature Cubic Function
— VCXO
| | Sensor Generator |
l_ - _ _ _ _ _
Fig. 1. Block Diagram of TCXO.

A. Temperature sensor circuit

In CMOS integrated circuits, there are a several temperature
dependent characteristics which can be used for temperature
sensors. Most commonly used ones are the bias current of a
substrate bipolar transistor and the threshold voltage of a MOS
transistor. Recently, a current source type temperature sensor
was developed using the temperature dependence of threshold
voltage [12][13]. We have introduced the new structure of
a temperature sensor. Fig. 2 shows the temperature sensor
circuit. The temperature sensor core is the voltage source
consisted of MOS FET M,4 and M,s. The voltage V,.¢(=
Rl ) is the reference voltage for the sensor core and is made
by the bootstrap reference source[13][14] indicated by dotted
line. The reference voltage V. is independent of power supply



voltage variation. The principle of operation is outlined in the
following paragraphs.

All MOS transistors are supposed to be operating in the
saturation region. The channel-length modulation effect is
assumed to be negligible. The drain currents of M4 and M,
are given as follows;

Ips = KoSa(Vgsa — Vin)? (D)

Ips = KoSs(Vgss — Vin)* 2)

UCox

where Ky = , 1 is the surface mobility, C,, is capacitance

per unit area 0% the gate oxide, and V;, is the threshold voltage
of n-channel MOS FET.

Wy
Su=— 3
T (3)
Ws
Sps = - 4
S 4)

where Ly and Ls are the channel length of M4 and M,5 and
W4 and W5 are the channel widths.

The currents Ips and Ips are equal because the gate current
of M4 and M,5 are negligibly small and the reference current
Iy fed from M3 is drawn into M,s. Using the relations V,,,, =
Viss and Vgss = V¢ and equate Equation (1) and (2), the
output voltage of the sensor is expressed by the following

equation.
Vour = <l -

where, the temperature dependence of the threshold voltage
Vin is expressed by the following equation.

Sisy, 5)

S n4 ’

S n5
— |V
S ) n+

where 7y denotes the reference temperature and o denotes the
temperature coefficient of V.
Therefore, the output voltage V,,,, is rewritten as

Vou = a(\/’;_ I)T_(\/E_ 1){Vm(TO)+aTO}
+ VnViey (7

The output voltage V,,; varies linearly according to the
temperature change. The sensitivity of V,,; to the temperature
is shown to be

v,
Vou _ out
S =T T

a(Va—1) ®)

Sus
where n = 222,

n4 .
The reference current I,y is expressed as follows,

Vi, 1 1 [2v, 1
Lep=—4 ——f— | ———— &)
R BuRi? R\ BuRi B, %R,

where, B,1 = KoS,1 0 S, =W /L0

The fact that drain current of MOS FET is constant against
temperature variation at the specific point on gate-voltage
to gate-current characteristics is known generally. Then the
reference voltage V,.r can be made constant against temper-
ature and power supply voltage variation, when the reference
current /,,¢ is set to this value. And the output voltage of
the sensor varies only proportional to the temperature change,
independent of power supply voltage.

Simulation has been made by the circuit parameters of
Table I. These parameters are determined to get the sensitivity
2mV /°C at Ty = 25°Cfor the temperature range —30C ~
+80°C. The power supply voltage V¢ is 3.3V. Fig. 3 shows
the temperature dependence of the output voltage of the sensor.
This sensor can operate for the power supply voltage above
2.6V. Obtained sensitivity is 1.17mV /°C and the nonlinearity
is less than 0.4%. The obtained performances are sufficient for
the application to TCXO. This sensor can be used for other
applications.
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Fig. 2. Temperature sensor.

TABLE 1
CIRCUIT PARAMETER OF TEMPERATURE SENSOR.

| Parameter | Value |
My, M, M3 W/L SO,Ltm/lO/Jm
My, My Mps | WIL | 50p/10um
M4 W/L 10um/2um
M, W/L | 132um/2um
R 53kQ
Ry 43kQ

B. Compensation function generator circuit

Fig. 4 shows the compensation function generator. The
compensation function is the sum of a cubic and a linear
function of temperature. The sensor output voltage is applied
to the multiplier MUL1 and the MUL1 generates the square
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TABLE II
PERFORMANCE OF TEMPERATURE SENSOR.

.

® L

| Parameter | Value |
Temperature range | -30°C0 80°C
Sensitivity 1.17 mV/C
Nonlinearity <0.4%
DC current 104uA

be.

Fig. 5.

-

Gilbert cell.

function of temperature. The output of MULI and sensor
output is applied to the second multiplier MUL2 and the
MUL2 generates the cubic function of temperature. The analog
adder sums the sensor output and the MUL2 output. Gilbert
cells depicted in Fig. 5 are used as the multipliers.

2
Temperature ._ Vx T
sensor o Vy MUL1 L
Vi o T3
T MUL2
Vy
Vout
+ o

Fig. 4. Compensation function generator.

Simulation has been made using W /L =20u/5u for M; ~
Me, Iss = 10uA, R = 100kQ. Fig. 6 shows the temperature
dependence of the output voltage MUL1. The obtained curve
is distorted from square curve. The cause of the distortion
is presumed to be the temperature dependence of the gain
factor of the multiplier. To solve this problem, we have
adopted the following approach. At first, we have divided
the temperature range into a few sections and generated the
linear function of temperature with different coefficient in each
section. Then the obtained linear functions and sensor output
are multiplied by the multiplier. And the approximate square
function of temperature is obtained in the whole temperature

range. Fig. 7 shows the modified square function generator
circuit. VGA1 ~ VGA?2 are the variable gain amplifiers. Fig. 8
shows the structure of the variable gain amplifier. R, Ry, R3,
MOS FET Mg and operational amplifier constitute a negative
amplifier. The part surrounded by dotted line is a comparator
which outputs 0 for V¢ < Vier and outputs Vpp for Ve > V.
MOS FET Mg switches on and off according to the comparator
output and changes the gain of the amplifier. The amplifier
gain is expressed as follows;

R;3
—— Ver <V,
R, c1 < Ve
Gain = (10)
R Ver >V,
Ri//Ry a=re

where R/ /R, is the pararell resistance of Ry, R;.

The operational amplifier is a two-stage amplifier which is
made by a differential input stage and a source follower. Fig. 9
shows the structure of the operational amplifier.

TABLE III
PARAMETER OF COMPARATOR.

MOS FET | Wium] | Llum]
M, 3 I
M, 3 I
My 15 I
My 15 I
M 45 I
M 94 I
M 14 I

Fig. 7 shows the case when the temperature range is divided
into four sections and the gains of VGAl ~ VGA3 are set
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at the temperatures 71, T, and T3 (77 < T < T3). At first
the whole temperature range is divided into two parts at the
center temperature 25°C. Then the high temperature region
is divided into three parts having almost same temperature
range. The dividing points are trimmed slightly by minimizing
the difference of the generated compensation function and the
temperature dependence of a crystal resonator. In this case,
temperatures 30°C, 50°C, 60°C are selected to the dividing
points. Table III, Table IV, and Table V shows the circuit
parameters of the comparator, the variable gain amplifier, and
the operational amplifier. Fig. 10 shows the linear functions of
temperature corresponding to four temperature regions. Fig. 11
shows the output of the modified square function generator.
The solid line shows the output voltage and the dotted line
shows the square function approximating the output voltage.
Fairly good square function of temperature is obtained for the
whole temperature range.

Fig. 12 shows a modified compensation function generator.
MUL1 generates a square function of temperature V, and
MU L2 generates a cubic function of temperature V3 by multi-

TABLE IV
PARAMETER OF VARIABLE GAIN AMPLIFIER.

VGA | Rk | RokQ] | Rs[k€Y)
VGAT |70 300 70
VGA2 70 100 70
VGA3 | 100 70 100
VGA4 100 190 87
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:
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Fig. 8. Variable gain amplifier.
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plying V| and V;. The analog adder generates the compensation
function by summing the cubic component V3 and the linear
component Vy. Vy is the linear function of temperature whose
coefficient changes at 30°C. Fig. 13 shows the compensation
function. Although there is a slight unsmoothness near 65°C,
the obtained compensation function approximates well the
temperature dependence of a crystal resonator.

III. PERFORMANCE EVALUATION OF TCXO

To evaluate the performance of the proposed TCXO, the
frequency temperature characteristics has been simulated. A
colpitts oscillator is used for the oscillator circuit. Fig. 14
shows the oscillator circuit. Oscillation frequency is designed
26MH?z. Table VI and Table VII show the equivalent parame-
ters of a crystal resonator and the circuit parameters, respec-



TABLE V
PARAMETER OF OPERATIONAL AMPLIFIER.

MOS FET | Wlam] | Llum]
My | nMOS 10 10
M, | nMOS 10 10
M; | pMOS 10 10
M, | pMOS 10 10
Ms | pMOS | 200 10
My | nMOS | 100 10
M; | nMOS 10 10
Ms | nbMOS 10 10
My | pMOS 1 7
My | pMOS 1 7
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)y [ S O RS YN S N S B S
-20 0 20 40 60 80

Temperature [°C]

Fig. 10. Modified linear function of temperature.

tively. Fig. 15 shows the simulated result. The compensated
frequency deviation is within +£0.5ppm for the temperature
range between —30°C and 80°C. The uncompensated frequency
deviation is —11ppm ~ +7ppm. The DC current of the
compensation function generator and VCXO is about 0.5mA
and 0.5mA, respectively. The total power consumption is about
1mA.

TABLE VI
EQUIVALENT PARAMETER OF CRYSTAL RESONATOR.

Parameter Value
fs 26MH?
Ry 20.29Q
Ly 11.38mH
Ci 3.295fF
Co 1.42pF

IV. CONCLUSION

We have proposed a new MOS temperature compensated
crystal oscillator. A new temperature sensor and compensation
function generator are introduced. The proposed TCXO has
been designed for 3.3V power supply voltage and its perfor-
mance is evaluated by simulation. The temperature sensor uses
the temperature dependence of threshold voltage of MOS FET.
Sensitivity of 1.17mV /°C has been obtained and nonlinearity
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Fig. 11.  Output voltage of modified square function generator.
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Fig. 12.  Modified compensation function generator.

has been less than 0.4% for the temperature range —30C ~
80°C. Obtained performance is sufficient for the application
to TCXO. The compensation function generator makes the
cubic function of temperature by multiplying the sensor
output. Reducing the effect of the temperature dependence
of the multiplier, the temperature range is divided into a
few sections and the linear functions of temperature with
different temperature coefficients are generated and the cubic
function of temperature is composed by these linear functions.
The generated function approximates a cubic function with a
constant coefficient for the whole temperature range. The total
performance of TCXO has been evaluated by simulation. The
compensated frequency deviation has been within £0.5ppm

TABLE VII
PARAMETER OF VOLTAGE CONTROLLED CRYSTAL OSCILLATOR.

Parameter | Value
L 1u
w 160u
Cy, Cp 20pF
Ry 30kQ
Rp 80kQ
Rp 1kQ
Rg 10kQ
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Fig. 14. Voltage controlled crystal oscillator.

for the temperature range between —30°C and 80°C, at the
oscillation frequency 26MHz. The total power consumption
has been about 1mA. The obtained result is thought to be al-
most sufficient for practical use. More sophisticated method to
reduce the effect of the temperature dependence of multipliers
and the improvement for low power operation are thought to
be necessary.
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ABSTRACT —A surface transverse wave (STW)
resonator based oscillator was developed in response
to SONET OC-48 application. The residual noise
measurement techniques are used to evaluate the
noise contributions in feedback loop components,
such as loop amplifier, STW resonator and electronic
phase shifter, which can play important roles in
determining the oscillator’s output phase noise
spectrum. The oscillator’s phase noise floor is -170
dBc/Hz for carrier-offset frequency greater than 1
MHz. The oscillator’s phase noise level of -67 dBc/Hz
at 100 Hz carrier offset. Both low close-in phase
noise and low white phase noise floor makes the
oscillator meet low jitter requirement. The electronic
frequency tuning range exceeds 200 ppm. The
oscillator provide 13.5dBm of output power and
consume 325mW from +5Volts power supply.

Index Terms — Ceramics, coaxial resonators,
delay filters, delay-lines, power amplifiers.

I. INTRODUCTION

Clock recovery circuits are used for data integrity
in high-speed digital transmission system. It is
actually a phase-locked loop with a low jitter
voltage-controlled oscillator (VCO). The VCO is
mostly fabricated with a stable resonator. Due to
the fabrication process, the most used oscillator at
622MHz for SONET or SDH applications is either
by the fourth harmonic of 155MHz crystal or
directly 622MHz saw resonator. [1, 2] Both suffer
from the degradation factor of 20log (N) =12dB
on the phase noise as applications to OC-48 at
2488.32MHz. Recently, the oscillators on
2488MHz have been investigated by using high
quality STW resonators. [3, 4, 5] Owing to the
higher velocity and lower propagation loss for
STW, the photolithography process is relaxed
with acceptable yield. In this work, the focus is on
the evaluation of phase noise of a highly stable
VCSO working directly at 2488.32MHz. The
performance of residual noise in each module in
the loop is especially examined to get the insight
of phase noise performance. The phase noise at
100 Hz offset is about -67dBc/Hz. Both low close-
in phase noise and low white phase noise floor

make the oscillator meet low jitter requirement.
The frequency tuning range exceeds 200 ppm.

II. OSCILLATOR DESIGN

The architecture of the oscillator is shown in
Fig.1. It consists of a loop amplifier, an electronic
phase shifter, a lump element reactive Wilkinson
power splitter, a lumped element reactive phase
adjusting, and a two-port STW resonator. The
oscillation starts as the closed loop gain satisfies
Barkausen’s criteria with total loop gain larger
than unity and the phase shift equal to 2nm. The
open loop gain is easily evaluated by breaking the
loop at the appropriate plane with equal input and
output impedance, such as line AB indicated in
Fig. 1. Here, the impedances seen are 50ohm as
was required by network analyzer. This approach
has the advantage that the noise characteristics of
the individual component as measured in an open-
loop configuration have a direct bearing on the
closed-loop phase noise of the oscillator.

Loop Amplifier
la -
Power Output Matching
Bl Splitter D and Attenuator [ Output
L
STW (@]
Resonator
R Y
L Electronie Loop Phase
Phase  f«—] AI:.I' ;
Shifter Jus
P

Fig. 1 Block diagram of a feedback loop oscillator.

The STW resonator has the advantages of shear
wave with very high velocity and energy trapping
so that the diffraction effect of the shallow bulk
wave into the substrate is minimized and quality
factor is increased. The width of the transducer is
approximately 0.5um. The overlap aperture is
about 250pm. The 90° rotated ST-cut quartz is
employed to have the turnover temperature
approximately at 45°C. The die size of the STW
resonator is 1.8mm x 1.2mm. The input and output
IDT have 100 fingers are placed between two



shorted reflectors, which has 90 fingers, and are
separated by a shorted grating with 3 fingers. Two
coupled modes formed by input and output IDTs
are coupled just as two coupled parallel LC
resonators. The coupling is carefully tuned by the
central grating. The frequency response is shown
in Fig. 2a. Due to the grounding grating the
insertion loss is reduced to 4~5dB, which is much
smaller than that of 10~15dB in conventional
SAW or STW delay line. The resonator acts as a
short circuit with zero phase-shift at the desired
frequency. The approximately linear phase change
with slope equal to 1.713rad/MHz is obtained
within the 3dB frequency band. The up and down
limits of the phase change are above +£90°. The
loaded Q factor Q, =, (d¢ /da))/ 2 is estimated
equal to 2124. The group delay is about 1.713x10
Srad/Hz. The spurious are suppressed under 30dB.

The residual phase noise measurement
techniques [7] are employed to evaluate the
components of loop amplifier, STW resonator and
electronic phase shifter. The noise floor of the
measurement system is about -170dBc/Hz with 1/f
flicker noise corner at 17kHz offset. The residual
phase noise of the resonator is revealed in Fig. 2b
with drive power approximately equal to that in
steady state oscillation.

2488
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Fig. 2 (a) Gain and Transmission Phase Responses
2486.32-2490.32MHz, and (b) Residual Phase
Noise of STW Resonator

The HBT monolithic amplifier is selected as the
loop amplifier because of low noise figure and
high dynamic range. The P1dB is at +17dBm and

the bandwidth is about 4GHz to prevent high 2™
harmonics. The nominal gain is 17dB to overcome
the total loop losses to insure the stable oscillation.
The residual phase noise is shown in fig.3.

Residual Phase Noise (dBcHz)

Offset Frequency (Hz)

Fig. 3 Residual Phase Noise of Loop Amplifier

An unequal Wilkinson power splitter is
employed to adjust the excess small signal loop
gain instead of resistive attenuator. [8] The
oscillation frequency is trimmed by the electronic
phase shifter. Both phase noise and tuning
linearity are affected by the varactors. With proper
selection of varactor diodes, the high tuning
linearity and low residual phase noise are
achieved at the same time. The residual phase
noise performance is shown as Fig. 4.

o

Residual Phase Noise (dBc/Hz)

T T T T J
1 10 100 1k 10k 100k ™
Offset Frequency (Hz)

Fig. 4 Residual Phase Noise for the Electronic
Phase Shifter

The frequency dependences of total phase
shifter and open loop gain seen from the reference
plane A-B indicated in the fig.1 are shown in Fig.
5. Curve X and Curve Y are the phase shift with
Vune=0Volts and Vy,=5Volts, respectively.
Curve M and curve N are the open loop gain with
Vune=0Volt and 5Volt, respectively. The group
delay is about 1.74x10°rad/Hz. As compared to
Fig. 2b, we see that the phase shift is dominated
by the saw resonator. The slight increase may be
from the tunable phase shifter. The oscillation
frequency is predicted from the phase shift at the
zero-crossing point with enough gain margin
about 2dB. This gives us the benefit of low
flicker noise from the amplifier without deep gain
compression. To prevent the AM to PM effect, the



tuning bandwidth is approximately equal to the
resonator’s 1dB bandwidth. It is approximately
from 2487.85MHz to 2488.85MHz.

{gp) ures doo uado

Total Phase Shift (deg)

Frequency (MHz)

Fig. 5 The open loop gain and phase shift at the
oscillation frequency.

III. OSCILLATOR PERFORMANCES

The performances of the oscillator are measured.

The second harmonics is suppressed below 58 dB
without using output low pass filter. This is
attributed to the linear amplifier. The tuning
characteristic is shown in Fig. 6 with +200ppm
range and good linearity. The turnover
temperature is approximately 45°C, which is
mainly determined by the STW resonator. The
phase noise of the oscillator is measured as shown
in Fig. 8. The spectral shape in curve 1 indeed
arrears 1/f near the carrier. The intersection point
with 1/f curve is around 50 kHz offset. The
magnitude at 100 kHz offset is -153dBc/Hz,
which is lower than those indicated in Table 1. The
measured parameters of the STW oscillator and
the specifications of the other commercial
products are summarized in Table I.

—e— VCE0-2488)

Tuning Vahage (Volts)

Fig. 6 Oscillation frequency vs. tuning voltage.

IV. PREDICTION OF PHASE NOISE

To analyze the shaping behavior of the close
loop, the residual phase noises are examined as
shown in Fig. 8. It reveals that the noise n, from
STW resonator (Curve 2) is dominant about 10dB
above those from amplifier n, (curve 3) and

varactor n, (curve 4). The phase shifter has the
same order as that in amplifier. The system’s floor
is also indicated as in curve 5, which is much
lower than these measured items. As referred to
Fig. 5, the magnitude of the loop gain under
steady state is assumed to one with a rather wide
bandwidth, at least £500kHz at 2488.32MHz. The
STW resonator looks like a pure resister not an
inductor at the oscillator frequency. In the
Lesson’s model the filter transfer function is
considered to be a symmetrical one on each side
of the carrier frequency. As shown in Fig.9, the
basic open loop circuit is divided to four
components, phase shifter, STW resonator,
amplifier, and power splitter, whose transfer
functions are P(w), R(w), G(w), and D(w),
respectively. The power spectral density (PSD) at
output point o is as follows:

@, =(n, +n, |G(w)+N, -|R(®)-|G()))-| D(w)
Because of n, is greater than n, and n,, the output
noise is further simplified as

O, =n, -|G(a))|-|D(a))|

The product‘G(w)‘.‘D(w)‘ is approximately 8~9dB
in this work. The phase shift as a function of
frequency is assumed linear with slope or group
delay t ., which is roughly equal to 1.74x10°
rad/Hz in our case, within the limited bandwidth.
Hence, the normalized open loop gain is written
as @ " where A® is the offset frequency
from the center frequency. Then the closed loop
gain is obtained as
Closed Loop gain=——
1_ e jrgAa)
According to [8], the PSD of phase noise can be
shaped by multiplying the square of closed-loop
gain to the residual phase noise. Here, the shaping
factor for the PSD is shown as Fig.7.
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Fig.7 Shaping factor for the PSD.
For the close-in noise with A@ which is smaller

than /4, the shaping appears as (Aa)z'g )72. It is
concluded that the phase noise is indeed shaped



from the residual noise by the (Aw)ﬁ2 term, which
is originated from the high Q resonator.

Phase Noise of VOSO

STW Resonator

Loop Amplifier

Phase Shifter

Measurement System MNoise Floor
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Phase Noise (dBc/Hz)
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100 1k 10k 100k ™

Offset frequency (Hz)

Fig.8 Measured phase noise for the 2488.32MHz
STW oscillator.
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Fig.9 Transfer functions in open loop circuit

Table [: Measured Result for the voltage
controlled STW oscillator and Comparison with
the other Commercial Products

Item Value

This  |Synergy [M-tron |SAWTEK

Work
Supply Voltage +5 +5 +5 +5
(Volts)
Supply Current (mA) [65 60 100 55
Output Power (dBm) |+13 +3 +7 +10
Tuning voltage (Volts) |0-5 1-4 0-5 N/A
Tuning Ramge (ppm) |£200 |250 +50 80
Sub Harmonic (dBc) [-58 -30 -26 N/A
Phase Noise @ offset |-153 [-142 -145 -145
100kHz (dBc/Hz)

V.  CONCLUSIONS

A surface transverse wave based oscillator was
designed and fabricated in this study. The
resonator is operated directly at the specific
frequency 2.48GHz to avoid the degradation of
phase noise due to frequency multiplication. The
resonator with two coupled modes is designed to
achieve wide tuning. The tuning bandwidth of
resonator is enhanced by trimming the central
grating while keeping the steep phase change. The
tuning capability achieves +200ppm. In
comparison with the other commercial products,
the phase noise performance of this work is better
than about 8dB at the offset frequency 100 kHz.
The phase noise near the carrier is confirmed to

follow the Leeson’ prediction. It is concluded that
the behavior of phase noise is dominated by the
residual noise of SAW resonator and is shaped by
the important factor of group delay.
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Abstract—Recent research has showed that stable
frequency is necessary to improve efficiency in the high
frequency band. However, it is very difficult to use a
Colpitts-type crystal oscillator in the high frequency band.

Previously, we have reported that a negative resistance is
obtained by the Colpitts-type crystal oscillator circuit in the
Gigahertz (GHz) frequency band. However, it is necessary to
reduce the external capacity in order to obtain negative
resistance in the GHz frequency band. The temperature
characteristic of the oscillator gets worse due to change in the
internal capacity.

In this paper, we show how to stabilize the characteristics
of Colpitts-type crystal/SAW oscillators in the GHz frequency
band by using PSpice simulation. Next, we show a new
Colpitts-type crystal/SAW oscillator, which can obtain a
stable negative resistance value with a change of temperature
in the GHz frequency band. Furthermore, we propose an
effective circuit for reducing the temperature dependency of a
transistor.

Keywords: Temperature compensation, Colpitts-type crystal
oscillator, Negative resistance, High frequency band

I. INTRODUCTION

The development of radio communication, measurement
equipment and so on, higher frequency oscillators have
been required more and more. Generally, since the crystal
oscillators had high short-term frequency stability, they
have been applied to communication technology and
information technology. Quartz resonators, which have
been developed for the high frequency band, are aimed for
application with systems for the next generation [1-2].
Quartz resonators with the high frequency band require a
steady oscillator to oscillate in the high frequency band.

Previously, we reported that a sufficient negative
resistance was obtained by the Colpitts-type crystal
oscillator circuit in the Gigahertz (GHz) frequency band
[3-4]. However, it is necessary to reduce the external
capacity in order to obtain negative resistance in the GHz

frequency band. The temperature characteristic of the
oscillator gets worse due to change in the internal capacity.

It is extremely important to understand the temperature
factor for the stable oscillation circuit. In order to realize a
more stable oscillation frequency, the oscillation circuit
must be compensated to be as stable as possible before
creating the compensation circuit. At the same time, in
regard to the stable
temperature this paper will examine:

1) the temperature characteristics of the quartz resonator
and the transistor,

2) the temperature parameters such as the input current
and negative resistance, and

3) the current level characteristics of equivalent
capacitance according to the impedance change derived
from the temperature influence on the circuit.

In addition, this paper will also discuss the results of
stable negative resistance.

II. THE HIGH FREQUENCY COLPITTS-TYPE OSCILLATOR
WITH A COMMON BASE CIRCUIT

Figure 1 shows a GHz frequency band Colpitts-type
oscillator with common base circuit [3-4], which was
proposed in our previous paper. The Colpitts-type crystal

L

Cz__ Xtall SAW

Fig. 1. A high frequency Colpitts-type oscillator with
a common base circuit.
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Fig. 2. The equivalent circuit of Fig.1.

oscillator consists of a common emitter T,; and a common
base circuit T,, as a cascade amplifier, and has a feedback
circuit from the collector of Ty, to Cs.

Figure 2 shows the simplified high frequency small
signal equivalent circuit in Fig.1. The Miller capacitance
Cy 1s a function of Cy;, which is the transistor’s
capacitance between the base and collector. The 1y, i

used as impedance reflection to change o, (A=hy,) -

In this case, the equation for the equivalent input
impedance of the common base circuit is as follows:

(' ie2)

14 jOC, (s )

B (1= o) |
I+ joC, r. (1=hg,) )

be2 bb2

i2

Where 1y, is the base-emitter junction resistance, Cy; is
the base-emitter junction capacitance, r,p,, iS the base
ohmic resistance, and C’b~C2 is changed from the
base-collector junction capacitance Cy:,, Which does not
have an effect on the Miller capacitance of T,,.

Then, the Miller capacitance of T,; can be calculated by

using A B lib'l =8V Therefore, Cy is as follows:

R h
C, =(l+——— -,
=l 1+R/Z, 7 G - (2)

bel

Next, the equation is readjusted to substitute Eq. (2) for
Eq. (1) in the case of R, >>Z,,. The equation can be

approximated as follows:

el ~ (yy 1) T (L= a) ) (3)
he 1+ joC, (. Ihy) L+ joC, r (1-h,,)

Jel be2 VN be2

Generally, since 1, of the transistor is a small value, the
second term in Eq. (3) can be ignored. Furthermore, the
cutoff frequency f, of T,,, which is the common base circuit,
is higher than the cutoff frequency of the common emitter
circuit. f; is described as follows:

1

=" “
27[Cb‘€2 (}’;1'62 / h/é2)

5

In this case, if f, is satisfied by Eq. (4) in a high
frequency band, T,, can obtain the frequency characteristic
in the high frequency band. Therefore, in the high
frequency band, T,, can be approximately shown:

ro ey =r, Thy,. (5)

bel fe
The Miller capacitance of T, is readjusted by
substituting Eq. (5) for Eq. (2). The Cyin Fig.2 is smaller
than the Miller capacitance which is calculated from the
conventional Colpitts-type crystal oscillator without the

common base circuit. Then, the cutoff frequency of T;; is
as follows:

1
= . 6
2”(Cb‘21 +C,, )(rb.e1 /! rh.hl) (6)

5

Where 1y is the base-emitter junction resistance and ryp; 1S
the base ohmic resistance.

When C, is reduced, f; will be high. In summary, if the
Miller capacitance of T,; is reduced, the cutoff frequency of
T, is increased, and the high frequency characteristic will
be improved. That is to say, in the circuit in Fig. 1, it is
assumed that r,,; and 1y, are small enough to ignore, and
the cutoff frequency of Ty, is satisfied by Eq. (4) in the high
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Fig. 3. A simplified diagram of a universal crystal/SAW oscillator.

frequency. It can improve the frequency characteristic in
the GHz frequency band. Furthermore, according to this
method when the load of T, and the input impedance of T},
have been matched as satisfied in Eq. (5), the Miller
capacitance of the Colpitts-type crystal oscillator with a
common base circuit is decreased. The effect of R; is
disregarded in the Miller capacitance. As a result, there
should be an improvement of T, in the frequency
characteristic in the GHz frequency band.

Figure 3 shows the simplified diagram of a universal
crystal/SAW oscillator. In this figure, terminals (A) and
(B) illustrate the terminals of the crystal/SAW resonator in
Fig. 2. In Fig. 3, -Ry and C show the impedance values
without the crystal/SAW resonator shown in Fig. 2. When
the crystal/lSAW resonator is not included, the circuit
becomes a negative resistance element in series with
capacitance. In Fig. 2, we can see how the crystal resonator
acts as the resistance element in series with inductance. In
this simplified diagram, the negative resistance -Ry is
approximated as follows:

g
—R, ~v——2m 7
Y e'CC, )

Then, C; and C; are as follows:
¢ =C+C, +C, (®)
C=C+Cy, ©)

The Colpitts-type crystal oscillator with a common base
circuit can obtain the negative resistance characteristic in

the high frequency band. Since C, and C, in Eq. (7) are

reduced, the negative resistance reaches a higher frequency.

Then, Cy; can be reduced. As a result, since Eq. (8) can be
changed to a smaller capacitance, the negative resistance of
Eq. (7) can be improved in the GHz frequency band.

Therefore, the Miller capacitance of the Colpitts-type
crystal oscillator with a common base circuit is decreased.
The circuit of Fig. 2 can obtain the negative resistance
characteristic in the GHz frequency band.

III. FLUCTUATION OF NEGATIVE RESISTANCE

A. Temperature Effect

Figure 4 shows an example of the influence of external
capacities C; and C, for negative resistance characteristics
of frequency in terms of temperature parameters. The
circuit parameters are set to be 2SC5095, R;=1[kQ],
Ry=100[Q], R;=6[kQ], R4=5[kQ], Rs=15[kQ], and
Cs;=1[ uF ]. Figure 4 (a) shows the negative resistance
characteristics under the condition of C;=C,=0 and
Vo =5[V]. Temperature changes can cause large changes

in the frequency band, which ensures obtaining negative
resistance. Moreover, the frequency band, which ensures
obtaining negative resistance, is narrow and also the
negative resistance is small, when the temperature range is
between -55~85[°C]. Under the consideration of obtaining
the necessary negative resistance, which is 3-5 times that of
crystal impedance, it is difficult to obtain sufficient
negative resistance in the GHz frequency band in the
temperature range of -55~85["C]. Figure 4(b) stands for the
negative resistance characteristics with C;=3[pF] and
shows no differences with those characteristics in (a),
where the frequency band, that can provide negative
resistance, changes significantly. Figure 4(c) shows the
negative resistance characteristics under an additional
condition of C,=3 [pF]. Comparing to (a) and (b) to (c) in
the frequency range, that yields negative resistance, lies in a
narrower band. However, if the temperature influence is
decreased, then sufficient enough negative resistance is
obtained over the whole range of -55~85[C].

Figure 5 shows an example of the influence of power
supply voltage V.. for negative resistance characteristics
in terms of temperature parameters. It shows the negative
resistance characteristics under the condition of C;=0,
C,=3[pF], and the V..=3[V], enough negative resistance
is obtained over the whole temperature ranges of
-55~85[C].
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(a) C,=C,=0
100 B. Current Level Characteristic
Figure 6 shows an example of the current level
characteristics of the circuit as shown in Fig.1. When the
negative resistance |RL| on the circuit is greater than
= -300 . - .
o resistance R, at the minimum current level, oscillation
o
‘§ can be started. In this figure, when a current level
2 increases, the negative resistance value decreases. When
€ _700 power supply voltage is 1.4[V] or more, it is shown that
oscillation may be maintained at a fixed current level.
IV. NEGATIVE RESISTANCE STABILIZATION METHOD
~1100 As described above, the temperature characteristics and
1.E+08 1.E+09 1.E+10 o . .
Frequency[Hz] the current level characteristics of a Colpitts-type oscillator
in the GHz frequency band were clarified.
(b) C,=3[pF], C,=0 Next, we propose a Colpitts-type oscillator in the GHz
100 frequency band with a temperature compensating circuit in
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Fig. 4. Negative resistance values vs. frequency characteristics at Fig. 6. Negative resistance values vs. current level characteristics
Vee=5[V]. in Fig. 1.
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Fig. 7. A proposed Colpitts-type oscillator.

Fig. 7. By adding the Tr3/ R6 to this circuit stable
negative resistance can be achieved, even if the temperature
ranges are changed in the GHz frequency band.

Figure 8 is an example of the simulated results on the
circuit in Fig. 7. These results show the negative resistance
to temperature ranges from -55 to 85[°C], where, R,;=1[k<],
R,=220[Q], R3=6[kQ], R4=5[kQ], Rs=15[kQ], Rc=250[€2],
C=0, C,;=0, C5=1[ uF ], T\1/ T\o/ T;5: 2SC5095.
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Fig. 8. Negative resistance values vs. temperature characteristics.
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Fig. 9. Negative resistance values vs. frequency characteristics.

The simulated results show that the addition of T,s/ Ry
can reduce the temperature influence.

Figure 9 shows an example of the negative resistance
values vs. the frequency characteristics in the circuit in Fig.
7. When the temperature changes over the whole
temperature ranges of -55~85[°C], the negative resistance
characteristic shows that it is a stable characteristic as
compared to the characteristic in Fig.4.

V. CONCLUSIONS

In this paper, we suggest a method to stabilize the
oscillating frequency of a Colpitts-type crystal oscillator,
which is connected to a common base circuit in the GHz
frequency band.

As a result, the findings are shown below:

1. The Colpitts-type crysta/SAW oscillator with a
common base circuit can obtain sufficient negative
resistance values in the GHz frequency band.

2. Temperature characteristics of the GHz frequency
band are clarified.

3. We propose on effective circuit for reducing the
temperature dependency of a transistor, and the circuit is a
oscillating circuit, which can stabilize the temperature
characteristics of negative resistance in the GHz frequency
band.

The authors would be gratified if this report can help to
develop the piezoelectric.

In the future, we will design a lower power supply



voltage, and an integrated circuit using a Colpitts-type
crystal oscillator with a common base circuit.
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Abstract

The protein detection based on a fully integrated phase
loop circuit is demonstrated for the first time. The crystal
oscillator used in the PLL circuit is reused as the quartz
crystal microbalance (QCM) and the division ratio provided
by the PLL is used to enhance the sensitivity (200X) of QCM.
The size of the proposed protein sensor including QCM, PLL
and reaction chamber is smaller than that of USD 1 cent.
Immunoglobulin G (IgG) protein concentrations ranging from
60 to 120 ug/mL were measured.

Keywords: QCM, phase-locked loop (PLL), bio, protein,
and sensor.

Introduction

Recently bio-chips for sensing biological molecules have
been extensively studied [1]-[8]. Up to now,
fluorescence-based bio-sensing technology is the most
popular method [1]. This technique, however, requires a
complicated process of labeling the target bio-molecules with
dye and expensive equipments for fluorescence analysis [2].
While label-free sensors have been developed [3]-[8] to
overcome these problems, these sensors still require either
complex optical setups [3]-[8] and/or extra MEMS processing
steps [6]-[8], which inevitably increase the cost, power
consumption and system form factor. It is therefore most
desirable that integrated circuits can be adopted for biological
molecule detection with minimum modification. In this paper,
we demonstrate, for the first time, protein detection based on
an integrated phase-locked loop (PLL) circuit, in which the
crystal oscillator is reused as a quartz crystal microbalance
(QCM) for the probing proteins and thus no extra processing
steps/optical setups are needed. Consequently, the sensor size,
cost and power consumption are greatly reduced.

QCM is a well known biosensor and becoming popular
because of its label-free and high-sensitivity characteristics
[3]-[5]. The quartz resonance frequency decreases as the
bio-molecular was bound on the quartz surface. Sauerbrey [9]
has derived a theoretic model to describe the relationship
between mass loading and frequency shift. Since quartz

Protein —E@

Crystal
Oscillator

frer N-frer

Av {0

Fig. 1 Protein detection based on an integrated phase-locked
loop

> PLL

crystal oscillator is a must in a traditional phase-locked loop
circuit as frequency reference, it can function as QCM and be
reused as a protein sensor. The reason for using a PLL is that
the frequency shift due to the mass loading of proteins on the
quartz crystal is very small and hence a large division ratio
provided by the divider in a PLL can amplify the very small
frequency shift as illustrated in Fig. 1. In this study,
Immunoglobulin G (IgG) was employed as the bio-molecules
sample because IgG can provide humoral immunity and plays
an essential role in the recognition of foreign proteins.

Reaction Chamber
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Experimental setup
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Fig. 2 Experimental setup and cross-section of the QCM
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Fig. 3 Block diagram of the fully integrated PLL frequency synthesizer.

In healthy adults, the content of IgG in the whole
immunoglobulin serum is approximately 75%. Therefore,
IgG molecules are widely used to recognize or identify
foreign antigens in the application of bio-analytical sensor.
[10].

Experimental Setup

The experimental setup is shown in Fig.2. The antibody of
IgG (anti-IgG) proteins was first immobilized on the top gold
electrode of a commercially available 10MHz polished
AT-cut disk-shape quartz crystal unit with an 8mm diameter.
Then the unit was mounted inside a reaction chamber with
I5mm in diameter and 5Smm in height and the solution of
IgG proteins (antigen) was injected into the reaction chamber.
As the IgG was bound with the anti-IgG immobilized on the
electrode, the mass loading causes the oscillation frequency
of the crystal oscillator to shift. That is, the bio signal of
IgG/anti-IgG binding is translated into the frequency shift of
the crystal oscillator and the extent of frequency shift is
proportional to the concentration of IgG. The shifted
oscillating frequency of the crystal oscillator is then fed to a
fully integrated PLL with a large division ratio of 282 for
frequency multiplication. As a result, the small frequency
shift was amplified and measured by a signal source analyzer
(Agilent E5052A) and then recorded by a LabVIEW
program via the GPIB interface. Note the size of the
experimental setup including the QCM oscillator, the PLL
and the reaction chamber is smaller than that of USD one

cent. Preparation steps for anti-IgG on the quartz crystal are
explained briefly as follows. First the HS-(CH,);-COOH was
used to modify quartz surface and then EDC/NHS was
injected to activate the functional group (COOH-) followed
by flowing anti-IgG  for immobilization. Finally
ethanolamine was adopted to block the unbinding site.

Circuits
A. Architecture

The functional block diagram of the fully integrated PLL
frequency synthesizer is shown in Fig. 3. It consists of a PFD,
a charge pump (CP), an on-chip loop filter (LPF), a VCO
with a 3-bit binary weighted capacitors array, and a
programmable divider. All the control signals are sent into
the on-chip registers through a three-wire interface control
circuit (TWIF). Since we use a capacitors array to widen the
tuning range of the VCO, an auto-frequency calibration
(AFC) loop, which consists of a frequency detector and a
successive approximation register (SAR), is used in this
circuit to choose the proper coarse tuning code of the
capacitors array automatically.

B.vCO
Fig. 4 depicts the schematic of the LC-VCO. The core of

the differential oscillator is formed by two complementary
nMOS and pMOS devices for generating the negative



transconductance and attached to the LC tank of the VCO.
The tank consists of a differential high-Q inductor, which is a
fully symmetric spiral inductor designed for differential
excitation, and two pMOS varactors. To have a wide tuning
range and a small VCO gain, a 3-bit binary weighted
capacitors array is connected to the LC tank for coarse
tuning. Because of their high quality factors,
metal-insulator-metal (MIM) capacitors are chosen to form
the capacitors array and the capacitances are Cy=180 fF,
C,=360 fF, and C,=720 fF, respectively. To have the same
quality factor for each branch in the array, the sizes of the
nMOS switches are also scaled as My:M;:M,=1:2:4.
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Fig. 4 The schematic of VCO
C. Auto-Frequency Calibration Loop

Since the VCO has a 3-bit capacitors array, an
auto-selecting circuit is required to automatically choose the
capacitors array setting whenever the output frequency of the
synthesizer is changed. We utilize two counters and a
comparator as a frequency detector. The two counters counts
the input pulses of the reference signal and the divided VCO
signal in a specified time period (Tarc). By comparing the
pulse numbers in these two counters, the frequency
difference can be easily told, and accordingly the finite state
machine can decide to increase or decrease the frequency of
the VCO. The finite state machine uses the binary search
algorithm to determine the final coarse setting of the VCO.
Therefore, the same procedure repeats K times, where K is
the bit number of the capacitors array, and thus the total time
for the AFC is K - Tgc.

3 bit SCL L 5 bit v

Vo ™ scL to cmos | Re
Divider 3| cMOS [+—| Divider L

!

> DIVou:

Fig. 5 Block diagram of the programmable divider.

D. Programmable Frequency Divider

The programmable frequency divider is a truly modular
programmable divider, whose block diagram is shown in Fig.
5. The frequency divider consists of a three-bit
source-coupled logic (SCL) divider, an SCL to CMOS
converter, a 5-bit CMOS logic divider and a retiming circuit.
A modulus extension circuit is also used in the CMOS
divider so that the modulus can range from 32 to 511 [11].
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Fig. 6 Schematic of the dual-path loop filter.

To reduce the jitter accumulated in the divider cells, a
retiming circuit, which is formed by a D Flip-Flop, is
required to re-synchronize the divider output signal. We use
the output signal of the converter rather than the VCO signal
to retime the divider output so that the power consumption
can be reduced (the retiming circuit need not to operate at
fvco) and lots of simulation time can be saved. The tradeoff
is that the jitter accumulated in the first two cells can not be
removed.

E. PFD, CP and Loop Filter

The PFD employed in this frequency synthesizer is a
typical tri-state structure, which consists of two DFFs, a
NOR gate, and a delay cell to get rid of the dead zone.

An on-chip dual-path loop filter is adopted in this
frequency synthesizer [12]. The schematic of the loop filter
is shown in Fig. 6. Since the zero frequency of the PLL is so
low that it is impossible to implement the passive resistors
and capacitors on the chip, an active amplifier is used to
effectively amplify the time constant of this zero. With the
two different charge pump currents Icp; and Icp,, the zero
frequency can be rewritten as:

wz = ICPZ (1)
CIRIICPI

Hence the zero frequency is amplified by a ratio Icpy/Icp.
Choosing that Icp, 20 uA and Icp; 400 uA, C; can be
effectively amplified by a factor of 20 and then it can be
integrated on chip. The design parameters of the loop filter



are as follows: C=40 pF, C,=40 pF, C;=15 pF, R,=4.6 kQ,
and R;=9.1 kQ. Given that the VCO gain is 100 MHz/V, the
reference frequency used to test this PLL is 33 MHz, the
divider modulus is around 85, and the charge pump current is
400 uA, the resulting PLL bandwidth is approximately 200
kHz.

The schematic of the charge pump is illustrated in Fig. 7.
Switches are put at the sources of current mirrors to improve
the switching speed and keep the switching noise low [13].
Since we use capacitors array to widen the VCO tuning
range and keep VCO gain Kyco small, the operating voltage
range of the VCO control voltage V. is kept in a linear and
small range around half value of Vpp. Therefore, the output
swing of the charge pump needs not to be large, and thus we
may use the cascaded transistors to form the current sources
to increase the output impedance.
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Fig. 7 Schematic of the CP.

Measurement Results

The PLL frequency synthesizer was fabricated in a
standard 0.18um CMOS process. The die area is 1 mm’
(1.23mmx0.83mm) excluding the measurement pads and
ESD protection circuits. This PLL frequency synthesizer
draws 24 mA from a 2 V voltage supply and thus the total
power consumption is 48 mW. The reference frequency used
to test this frequency synthesizer is 33 MHz.

The measured phase noise of the frequency synthesizer is
shown in Fig. 8 where the measured phase noise is
-96/-96/-120/-146 dBc/Hz at a frequency offset of
10k/100k/1M/10M Hz. Fig. 9 shows the measured switching
time of the frequency synthesizer including the AFC process,
where the total switching time is about 22 us. The AFC
process takes 12 us to settle while the phase-locked loop
takes about 10 us. There are four time period in the AFC
process including one idle period for the control node of the
VCO to be switched back to PLL. The total switching time
including the AFC process is measured to be less than 40 us
in all frequency bands.

The measured frequency shift of the PLL as a function of
time (t) with various IgG concentrations is plotted in Fig. 10.
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Fig. 8 Measured synthesizer phase noise.
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Fig. 10 Measured frequency shift versus time with various
IgG concentrations
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Fig. 11 The slope of frequency shift with respect to time
versus IgG concentration

Clearly, frequency shift due to specific IgG-antilgG binding
can be detected for IgG concentrations from 60ug/mL to
120ug/mL. For a given time, the frequency shift ( Idfl )
increases with increasing concentration. The dependence of
slope (=Idf/dtl) on concentration is shown in Fig. 11 where a
linear relationship is observed. In summary, the sensitivity of
a traditional QCM biosensor is enhanced with the help of
PLL because of the multiplication factor provided by the
divider in the loop. Moreover, no extra optical setup or
additional processing steps are required since the quartz
crystal oscillator needed in a PLL is reused a microbalance
for protein detection. Table I is the performance summary of
the proposed protein bio-signal PLL. The microphotographs
of USD one cent, QCM in reaction chamber and PLL are
shown in Fig. 12.
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TABLE I
PERFORMANCE SUMMARY
Technology 0.18 um CMOS
Measured IgG Range 60 ug/mL ~ 120 ug/mL
Power Consumption 48 mW
Supply Voltage 2V
Reference Frequency 10 MHz

Frequency Range

2.6 GHz~3.2 GHz

Frequency Step Size

<1Hz

Synthesizer Phase Noise

-96 dBc/Hz @ 10kHz
-96 dBc/Hz @ 100kHz
-120 dBc/Hz @ 1MHz

-146 dBc/Hz @ 10MHz

Bandwidth 200 kHz
Lock Time
<40 us
(including AFC)
Chip Size 1.23 mm X 0.83 mm (1mm?)

Reference Spur

-77 dBc @ 10MHz
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Abstract—A waveguide-type acoustooptic modulator (AOM)  of the AOM because the bulk acoustic wave and the spatial
using coplanar AO coupling due to a surface acoustic wave |ights in the bulk-type AOM are used for obtaining the first-
(SAW) in a crossed-channel optical waveguide is proposed for o qar giffracted light, that is the frequency shifted light. To

an optical wavelength of 1.55um. A novel tapered device was . . .
designed to increase the length of the interaction region and solve this problem, the waveguide-type AOM driven by surface

thus the driving surface acoustic wave (SAW) power lower. The acoustic waves (SAWSs) using guided-optical waves in channel
dependences of the diffraction properties on the SAW beam width optical waveguides is suitable. In fact, Tsaial. fabricated
were simulated using a beam-propagation method (BPM). The sych a waveguide-type AOM in a crossed-channel waveguide
device was fabricated by the proton-exchange method and post- on a LiNbO; substrate fabricated by the Ti-diffusion method
annealing in a 128 rotated Y-cut LINbO 3 substrate and the -

diffraction properties were measured at an optical wavelength and demonstrated at an optical wavelength of 0,68%8][9)]. .

of 1.55 um. An 84% diffraction efficiency was obtained at the However, there have been no reports of success at an optical
driving voltage of 17 V,.,,s for a SAW beam width of 2 mm and wavelength of 1.55:m due to both the uneasy realization of

a driving frequency of 200 MHz. An optical frequency domain  AQ interaction over the small action length and the high SAW

range using the frequency shifted-feedback (FSF) fiber laser with 4, wWer r ired in the lon ical wavelenath ran
the waveguide-type AOM was demonstrated. The FSF fiber laser drive power required in the long optical wavelength range.

with the waveguide-type AOM can be applied to optical frequency ~ In this study, we have proposed a waveguide-type AOM
domain ranging equally as well as one with the conventional in a tapered crossed-channel proton-exchanged (PE) optical
bulk-type AOM. Furthermore, to obtain a wide frequency-shift waveguide on a 128rotated Y-cut LiNbQ substrate for an

range, a monolithically integrated tandem waveguide-type AOM : - .
was designed and fabricated. The optical frequency shifts for optical wavelength of 1.5am[10][11]. First, the waveguide

the sum of two driving frequencies and the difference frequency tYP€ AOM configuration is described and guided-optical waves
ranging from DC to 5 MHz were observed. in the waveguide-type AOM were simulated using a beam-

propagation method (BPM). The dependences of the diffrac-
tion properties on the SAW beam width were investigated[12].
A new type of laser which is called frequency shiftedyext, the fabrication method of the waveguide-type AOM is
feedback (FSF) laser with unique spectral properties has beRRicribed and the diffraction properties were measured at an
developed and noticed for its potential applications[1]. Thgptical wavelength of 1.5wm. An 84% diffraction efficiency
FSF laser output consists of periodically generated chirp@fs obtained at the driving voltage of 17.,Y, for a SAW

frequency components whose chirp rate is faster than 198;3m width of 2 mm and a driving frequency of 200 MHz[12].
PHz/s, and the FSF operation is achieved by feedback of

the first-order diffracted light of an intracavity acoustooptic
modulator (AOM), which is also called the AO frequency

I. INTRODUCTION

shifter (AOFS)[2]. Furthermore, with erbium-doped fiber as T3,0, mask
the gain medium, an FSF fiber laser is set up. With its / DT (A=20pm)
unique spectral features, the FSF laser has been demonstrate :- )
to be a very useful light source in the optical frequency- 10um F Beorer
domain reflectometry (OFDR) technique[2], and has been Pot2| ===ty — == I ggg“‘l‘n
effectively applied to hydraulic pressure measurement[3], at- port1| === Y |Port 3
mospheric temperature measurement[4], high accuracy optical waleguide :-
three-dimensional shape measurement[5], as well as to groug**™ -%.m
velocity dispersion (GVD) and polarization mode dispersion g :
(PMD) measurements for optical fibers[6][7]. 0-5”";}'\ 128 Y-cut LiNDO,8

In all these applications, a compact and stable FSF fiber 28mm

laser is required. However, in the present FSF laser system,
there is a difficulty in realizing the integration and stabilization Fig. 1. Configuration of waveguide-type AOM.
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Fig. 2. Waveguide shape in diffraction region of waveguide-type AOM (analytical model for BPM).

Then, an optical frequency domain range using the FSF filderthe above, we propose a waveguide shape, in which the
laser with the waveguide-type AOM was demonstrated. Tlifraction region is as shown in Fig. 2. To increase the length
FSF fiber laser with the waveguide-type AOM can be applieaf the interaction region, 1@m width of the input and output

to optical frequency domain ranging equally as well as oneaveguides is increased to a width of 120~150 um using
with the conventional bulk-type AOM[13]. Furthermore, to obthe tapered waveguides with a length bf of 7.5~10 mm.

tain a wide frequency-shift range, a monolithically integratetihe incident light from Port 1 is diffracted by a SAW in the
tandem waveguide-type AOM was designed and fabricatedea of SAW propagation and guided to Port 3, with a Bragg
The optical frequency shifts for the sum of two drivingangle of 1.02, given by:

frequencies and the difference frequency ranging from DC to

5 MHz were observed[14].

II. CONFIGURATION AND DESIGN OFWAVEGUIDE-TYPE

AOM

03 = Sin71 m

1)

where ) is the optical wavelength in free spac®, is the

effective refractive index, and is the wavelength of the SAW.

Jhe diffracted light is corrected by a tapered waveguide and

Fig. 1. The waveguide was fabricated in the LiNp§ubstrate guid_ed to the Wave_gui(_je of Port 3. Using _this npvel shape, the
using the proton-exchange (PE) method and post-annealﬁ |nte|ract|on rgglon is longer than that in a simple crossed-
which is more easily realized because of the low-temperatdffe2"N€! waveguide.

process. Moreover, the PE waveguide can maintain orfy Beam-Propagation Analysis of Waveguide-Type AOM
TM-modes because only the extraordinary refractive indeXOptiBPM 6.0 of Optiwave Co., Ltd. was used as the
mcrease:r;]_arf]t er tr:je PIIE process. Th'.sh's i_spheclz_lally uselfu_l g?{alytical software. The optical waveguides of the waveguide-
QFDR Which needs a laser source W_'t a high linear po arlz@'pe AOM shown in Fig. 1 are in a three-dimensional structure.
ttl)on. we Chose a ﬁ2|i3rotateq Yr;cut IF]'NEQhaS thel substrat(—;-] However, in this analysis, a two-dimensional structure with
.ecI:ause ?S 'S weﬁ_ _nown,zlt asot ]? '?1 est electromechalitorm refractive index distribution in the depth direction
Ical coupiing coe |C|ent,K _5'5. % for the X—propagatlon long they-axis was assumed to reduce the calculation time.
Rayleigh-type SAW and its optical and AO properties sucpy, g analytical model has the same waveguide shape shown

as the char?ge in the extraordinary refractive indax () and in Fig. 2, i.c., n. (2.167) andAn, (0.02), as the fabricated
photo-elastic constants after the PE process and post-annealing

have already been investigated[15]. The SAW is launched from
the interdigital transducer (IDT) fabricated on the substrate to

The configuration of the waveguide-type AOM is shown i

H H H Ol LI L L R LR LR L R L R B
the diffraction region. E TMg-mode /
A. Waveguide shape in diffraction region s AZ20 um < ]

Figure 2 shows the waveguide shape in the diffraction ~Z 10°[ (1550 nm, 2.2 W)
region of the waveguide-type AOM. The SAW power required £ ]
for 100% diffraction (1o9) can be estimated by using a 3
coupled mode theory[16]. Figure 3 shows the calculd?ag g .
of TMo-mode as a function of the optical wavelength, which & 10 E (633 nm, 0.14 W) E
was calculated under the assumption that the guided waves O
propagate in the planar waveguide. From this result,*hg
increases with the optical wavelength. Furthermore Rhg is o2l v

04 06 08 1 12 14 16 18 2

in inverse proportion to the length of the interaction region[16].
Therefore, if a simple crossed-channel waveguide such as that
reported at an optical wavelength of 0.638\[8] is applied to

that at an optical wavelength of 1.58n, the SAW drive power Fig. 3. Calculated SAW power required for 100% diffractiof o) as a
becomes huge due to the short interaction region. Accordifugction of the optical wavelenth.

Optical Wavelength (um)



L=4mm, Lg=2mm the experiment described in Section Ill. The solid lines in

L L A ABARARRM MR Fig. 4 show the fitted curve in the form of $in
§ As is evident on comparing these figures, the diffraction
-c—”u 0.8 properties are improved by decreasifig. As concrete im-
S provements, it was found that the minimum powgf**™
206 in Port 4 decreases, the maximum powef*** in Port 3
5 increases, and the undesirable differencair, between both
204 peaks decreases. Theoretically, the light powers in Ports 3 and
a 4, P; and P4 should satisfy the energy conservation law, that
% 0.2 is, P3+ P, = 1. However, in all cases, the sum Bf and P, is
2 smaller than 1 because the leakage of light occurs at the output
0 tapered waveguides. As can be seen in Fig. 4, with a decrease
in Ly, the sum ofP; and P, increases and approaché&%
without the grating.
Figure 5 shows the simulated™*™ and P;"** as functions
LI L — of L, for L=3, 3.4, and 4 mm. It was found that the
5 (b) properties are improved with a decreasefin and that the
Soslk /P3+P4 h improvements in the diffraction properties do not depend on
TEU i o L. The diffraction properties showed an optimum value at
506l & & approximatelyZ,=0.8 mm.
o On the other hand, thé\n, required for the maximum
g | ] diffraction efficiency increases with a decreaselip. This
n%_ 041 ] means that the input voltage to obtain the maximum diffraction
[ ] efficiency increases.
% 0.2 — o ] . . ' .
2 B P4 ] D. Simulated optical field distribution
0 At s To clarify the reason for the improvements in the diffraction
0 1 Azng (><10‘§) 4 5 properties, the optical field distribution was also simulated.

Figures 6(a)-6(c) show the three-dimensional display in the
waveguide withL=4 mm in the cases af,=0 (without grat-
Fig. 4. Calculated diffraction properties for (@=4 mm andLy=2 mm, ing), 2, and 3 mm, respectively, for the maximum diffraction
and (b) L=4 mm andL,=3 mm. efficiency.
The fundamental mode from the normal waveguide propa-

] ) ) ) ates with a curved wave front in the input tapered waveguide.
waveguide-type AOM as described in Section Ill. Ports 1, §, the case without the grating [Fig. 6(a)], the optical mode

and 4 were defined as the input port, diffracted output Pofjonagates through the diffraction region to Port 3 without
and undiffracted output port, respectively. A Gaussian bee}@hkage, and is corrected by the output tapered waveguide.

with an optical wavelength of 1.5pm and a beam waist gacayse of this correction, the local concentration of the field
diameter of 5um was assumed as the incident light. The

analysis of the diffraction properties resulting from the SAW

was performed by setting the refractive index grating expressed 1 |
asAngsin(2rz/A) in the diffraction region. The period of the

grating A and the width of the gratind., were equal to the -

SAW wavelength of 20um and the overlap length of IDT, N \Q:“’&Q |
respectively. The parameters of the length of the diffraction TSR
region on the waveguidé are 3, 3.4, and 4 mm, which are & L=3 mm

used in the experiments as described in Section Ill. Diffraction & | o T a4 mm ~
property as a function of, (0.5 mm<L,<L) was simulated 2l

for TM-mode propagation. i . i

02 l___. oe—"
C. Simulated diffraction properties - JUST e g -
. o _ oL oo . . . .
As examples of the simulated diffraction properties, 0 1 2 3 4
Figs. 4(a) and 4(b) show the light powers of Ports 3 and 4 Ly (mm)

normalized by incident light power as a function Af,, in
the cases of.=4 mm andL,=2 mm, andL=4 mm andL,=3 Fig. 5. Calculated beam powef3["** and P;"*" as functions of grating
mm, respectively. These parameters are the same as thoseidii Ls-



Fig. 6.

mm.
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Amplitude distribution ofE’, on waveguide-type AOM withL=4
mm simulated by BPM for (a) without grating, (#)y;=2 mm, and (c)L4=3

IIl. EXPERIMENTAL METHODS

To confirm the above analytical results, a waveguide-type
AOM was fabricated with several parameters of the SAW
beam width L, and the length of the diffraction region on
the waveguidel, and its diffraction properties were evaluated
experimentally.

A. Fabrication of waveguide-type AOM

The channel waveguide was fabricated by first forming an
RF-sputtered Ta05; mask with a film thickness of 0.08m by
the lift-off method on 128 rotated Y-cut LiNbQ, and then by
the PE process and post-annealing. The fabrication conditions
and the channel waveguide width of 10n were designed
to obtain a lower coupling loss for a polarization maintained
fiber of 1.55m optical wavelength and to maintain only the
fundamental mode in the depth direction. As a result, the
conditions used were as follows: a PE time of 1 h 15 min
in a solution of benzoic acid containing 0.2 mole % lithium
benzoate at 24, an annealing time of 1 h 40 min at 4@

A Gaussian index profile with a change in extraordinary
refractive index {An.) of 0.021 and a waveguide depth of 4.1
um at An./e was obtained. After polishing and AR-coating
the end face of the waveguide, a pair of normal IDT with
a period lengthA of 20 um, N finger pairs and an overlap
length of L, were formed on the substrate by an aluminum thin
film using a photo-etching process. The overall dimensions of
the fabricated waveguide-type AOM were 284 mn? as is
shown in Fig. 1.

The parameters of the tapered crossed-channel waveguide
shape and the IDTs of the five types of fabricated waveguide-
type AOM are shown in Table I. As parameters of the sample,
a length of the diffraction region on the waveguifieof 3.0,

3.4 or 4.0 mm and a SAW beam width (an overlap length of
IDT), Ly, of 2.0 or 3.0 mm were chosen. The fabrication of a
sample withL, less than 2.0 mm was not attempted because
it is difficult to observe a peak diffraction due to a large input
voltage. The 1Qum width of the channel waveguide of each
port was increased to 120, 130 or 1agh in the diffraction
region using a tapered waveguide with a length of 7.5, 8.4 or
10.0 mm. The angle of the tapered waveguitiefor all types
was set to be 0.40

distribution is observed around the oblique side of the outpu Function Trigger T
tapered waveguide. Genf‘lfaiOf Oscilloscope
On the other hand, the optical mode in the case with th Signd PUse

grating [Figs. 6(b) and 6(c)] shows a complicated interferenc | Generator | | Modulator N
after dividing in the grating and part of this interference leaks

to the undiffraction port. As can be seen from Figs. 6(b) LD
and 6(c), by decreasing,, the degree of leakage to the
undiffraction port can be reduced and the diffracted light

power can be improved.

— PreAmp. |- Amp. |
Attenuator

P B8y ]

Ref. i
. Lens Lens Optical
PM Fiber Power

Meter

1.55um

P.C.: Polarization Controller

Fig. 7. Diffraction properties measurement setup.



TABLE |

FABRICATION CONDITIONS AND EXPERIMENTAL RESULTS FOR WAVEGUIDETYPE AOM.

Parameters of waveguide shape Parameters of IDT§ Max. diffraction Min. undiffraction

Sample| L (mm) L; (mm) W (um) | Ly (mm) N efficiency (P"**) efficiency 034"”'”)
A 34 8.4 130 2 30 76% at 16.1 Vyns | 8.5% at 17.6 Vs

B 4.0 10.0 152 2 30 84% at 16.7 Vs | 9.9% at 17.7 Vs

C 3.4 8.4 130 3 20 63% at 12.6 Vs | 15% at 14.6 Vs

D 4.0 10.0 152 3 20 64% at 12.9 Vs | 20% at 14.4 Vs

E 3.0 7.5 120 3 20 65% at 13.8 Vs | 11% at 16.6 Vi

mm, and sample D oL=4 mm andL,=3 mm, respectively.
According to the simulated results in Fig. 4, by decreasing
SAW beam width, the diffraction properties were improved.
The maximum diffraction efficiencies for samples A and
_ B with L,=2 mm were 76 and 84%, respectively, and these
] values are larger than those of other samples With3 mm.
Furthermore, for samples A and B, the minimum undiffrac-
tion efficiency slightly improved compared with other values.
However, a smalL, means that the driving voltage required to
obtain the maximum diffraction efficiency increase. Moreover,
as can be seen from Fig. 8 and Table I, the undesirable voltage
difference between the maximum diffraction efficiency and
the minimum undiffraction efficiency was improved te-1.5
V,ms from 1.5~3 V.., by decreasing SAW beam width
according to the simulated diffraction properties.
1.2 e e e AT On the other hand, for the paramefgrno major change in
:/Coupling loss = 2.22dB ] the diffraction properties was observed. Therefore, it is clear
Undiffracted + Diffracted — that the improvements in the diffraction properties are achieved
by decreasing SAW beam width, and that no dependence is
observed between the diffraction properties and the length of
the diffraction regionL.

L=4mm, Ls;=2mm, Sample B
1-2 T T T T | T T T T | T T T T | T T T T | T T T T |
- Coupling loss = 2.45dB R
Undiffracted + Diffracted]

Undiffracted

Diffracted

Beam Power (normalized)
o
[o2]
|

y |
0 5 10 15 20 25
Input Voltage (Vims)

L=4mm ,Lgz=3mm, Sample D

0.8 Undiffracted —

Diffracted

C. Optical frequency domain ranging using FSF fiber laser

] An optical frequency domain range using the FSF fiber
. laser with the waveguide-type AOM was demonstrated. To
1 fabricate a fiber-to-fiber device, the waveguide-type AOM was
incorporated into a module and optically connected to the
input and output polarization-maintained (PM) fiber arrays,
which are constructed by the twin-core ferrule with a pitch
of 375 um, through the collimating and condensing lenses.

Fig. 8. Measured diffraction efficiency for samples with &4 mm and
Ly=2 mm, and (b)L=4 mm andL,=3 mm.

Beam Power (normalized)
o
[o2]

|
0 5 10 15 20 25
Input Voltage (Vims)

B. Diffraction properties

The diffraction properties of the waveguide-type AOM were
measured using a 1.5bm laser diode. Figure 7 shows the
measurement setup for the diffraction properties. In order ti
prevent the generation of heat due to the SAW power, a pulst
modulated RF voltage was supplied to the input IDT. The puls
period and duty ratio were 20 ms and 1/20, respectively, the
is, the pulse width was 1 ms.

The measured maximum diffraction and minimum un-
diffraction efficiencies for each sample are shown in Table |
Figures 8(a) and 8(b) show the diffraction properties as func
tions of input voltage for sample B a£=4 mm andL,=2

Fig. 9.

Photograph of waveguide-type AOM module.
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Fig. 10. Experimental setup of optical frequency domain ranging using FSF

fiber laser with waveguide-type AOM. ST 7T
¥4
Figure 9 shows a photograph of the module of the waveguide- =
type AOM. A FC type connector was used for optical input >3
and output. §
The experimental setup of optical frequency domain ranging 2 )
using the FSF fiber laser with the waveguide-type AOM is 2
shown in Fig. 10. The erbium-doped fiber (EDF) with the fiber I
length of 13 m was used as a gain medium. The waveguide- @ 1
type AOM was driven at a frequency of approximately 200 ||||||
MHz: The optical frequency of Iasgr light ghffracted by an 00 50 100 150 200 250 300
elastic wave through an acoustooptic effect is Doppler shifted Path difference (mm)

by the acoustical frequency. Therefore, the light in the cavity
is frequency shifted every round trip by feeding the diffracted Fig. 12. Beat frequency vs. path difference of interferometer.
light of the waveguide-type AOM back into the EDF.
The FSF fiber laser output with periodically generated
chirped frequency components was split into the two arntise center frequency of the transducer. On the other hand,
of the Mach-Zender interferometer. The adjustable path difsing several AOMs and combining upward and downward
ference was obtained by including the propagation length wéquency shifts, a FSF laser oscillation with a small frequency
spatial light to one arm. The beat signal was detected wishift was obtained[19][20]. However, it is difficult to realize
a photodetector and the beat spectrum was analyzed usingpmpact and stable FSF laser system. Therefore, a structure
an RF spectrum analyzer. Figure 11 shows the observed RFwhich several waveguide-type AOMs are connected in
spectrum. The beat frequency is shifted with path length. Thkendem on the same substrate can be considered to be suitable.
fixed signals at 1.75 MHz and 3.5 MHz are generated Byoreover, by improving driving power and extinction ratio
undesirable reflection in the cavity. A linear relationship im this structure, the tandem AOM can be applied to matrix
observed between the beat frequency and the path lengthppsical switches in photonic networks.
shown in Fig. 12[17]. In this section, the monolithically integrated tandem
On the basis of the above results, it is apparent that the F8&veguide-type AOM, hereafter abbreviated as the tandem
fiber laser with the waveguide-type AOM can be applied tAOM, is investigated.

optical frequency domain ranging equally as well as one wiw Design and Fabrication of Tandem AOM

the conventional bulk-type AOM.
The overall configuration of the tandem AOM is shown in
IV. MONOLITHICALLY INTEGRATED TANDEM AOM Fig. 13. The structure considered is a4 optical switch
A wide frequency-shift range makes it attractive for variousonsisting of one 22 and two 2 switches. The input
applications in optical measurements. For instance, using @orts of the two second-stagex2 switches are connected
AOM with a lower frequency shift to realize the FSF fibeto the two output ports of the first-stage<2 switch on the
laser, longer-distance optical frequency-domain ranging same substrate. Similar to the single waveguide-type AOM, to
possible without the determination of the beat order[18]. Usingcrease the length of the diffraction region, the @ width
a simple AOM, the frequency shift is almost fixed at aroundf the single-input four-output waveguide is increased to 100



Normalized amplitude of Eyf
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Fig. 13. Configuration of monolithically integrated tandem waveguide-type
AOM.

pm using a tapered waveguide 3.3 mm long. The first- and Pt i
second-stage switches were connected together by the 100 : Ly 019
um-wide straight waveguide according to the waveguide shape

with a wavelengthA of 32 zm and an overlap length of 2 : . PR 30
mm are used to propagate the SAW with a center frequency i
of approximately 120 MHz in the first and second stages of
the diffraction regions.

Using this structure of the tandem AOM, the optical fre-
guency shifts for the sum of two driving frequencies and the
difference between two driving frequencies can be obtained (b)
by combining the upward and downward frequency shifts in
the fII’S.t an_d sec_:ond SA_‘WS' Moreover, the tandem AOM h%@ 14. Amplitude distribution o, on tandem AOM with (a) 3.3-mm-long
a function in which the input beam from Port I1 or 12 can bepered waveguide and (b) with 10@a-wide straight waveguide. Values at
switched to any of the output ports from Port O1 to O4 b9ach output port show beam power normalized by input power.
combining the propagations of the first and second SAWSs.

In the connection part between the first- and second-stage i
switches, two types of waveguide shapes, namely, the 3.3-mim- EXPerimental Setup and Results
long tapered waveguide and with the 108wide straight  The fabrication conditions of the waveguide were the same
waveguide, were designed. The optical field distribution ara$ mentioned in Section Ill. After polishing and AR-coating
diffraction property in these waveguide shapes were simulatde end face of the waveguide, a pair of normal IDTs with
using BPM for TM-mode propagation. A=32 um, 20 finger pairs and an overlap length of 2 mm was

Figures 14(a) and 14(b) show three-dimensional displafj@med in the first and second stages. The substrate size after
for the tapered and straight waveguides, respectively, whealishing the end face was 3216 mn?.
the refractive index grating required to achieve the maximum Diffraction properties were measured using a 1./5% laser
diffraction efficiency was set in the first and second diffractiodiode at a driving frequency of approximately 120 MHz. Max-
regions. As can be seen from these figures, the amplitudeimfum diffraction efficiencies of 92% and 83% were obtained
the optical field in the undiffracted port, which corresponds tesing the first and second SAWS, respectively. The diffraction
the leakage loss, for the tapered waveguide is almost the sgmaperties on the input voltage supplied to the second SAW
as that for the straight waveguide. However, the leakage atf the maximum diffraction efficiency by the first SAW is
the latter which is scattered from connection points betweshown in Fig. 15. A peak diffraction efficiency of 63% was
the first and second stages is smaller than that of the formabtained by driving both stages at the same frequency. This
The calculated values of the beam power in each output pdiffraction efficiency is considered to be sufficient for FSF
are also shown in Figs. 14(a) and 14(b) when the input powfdver oscillation.
to Port I1 is 1.0. The maximum doubly diffracted power in On the other hand, the minimum undiffraction efficiencies
Port O3 for the tapered and straight waveguides were 0.@8re approximately 20% in every case of first and second
and 0.48, respectively. Therefore, the straight waveguide W&8WSs. It is necessary to improve this extinction ratio to apply
adopted for the tandem AOM. the tandem AOM to the optical matrix switch.

X
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Fig. 15. Diffraction properties of tandem AOM as function of input voltagé:ig- 17.
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Example of observed beat signal in oscilloscope for difference
frequencyf; — f2 of 500 kHz.

Similar to the single AOM, the tandem AOM was incor- AU B A L B N N L B
porated into a module using the input and output PM fiber 1=122.00MHz
arrays, which are constructed by the twin-core or four-core g_go u s L N
ferrule with a pitch of 125:m. Using this module, the optical S o, \ o,
frequency shift was demonstrated by combining the upward > ol % .,.‘ i .'b s
and downward frequency shifts in the first and second SAWs. @ L L
An optical heterodyne detection setup, shown in Fig. 16, 2 ’ ',
was used to measure the frequency shift. The LBblaser e r o
diode output was split into the two arms of the Mach-Zender § H
interferometer. The tandem AOM module, which was driven 60| Downward Shift | Upward shit  ®
by both stages at frequencigs and f> of approximately 120 T

MHz, was inserted in one arm, and caused the tested beam to
undergo a frequency shift of; — fo or fi + fo. The beam
produced by combining the tested and reference beams was
coupled with a photodetector to realize heterodyne detectigiy. 18. Beat intensity as function of corresponding difference frequency
The beat signal was observed using an oscilloscope and fhe f2 for upward or downward optical frequency shift.
beat spectrum was measured using an RF spectrum analyzer.

Figure 17 shows an example of the observed beat signal )
when the difference frequencfi — f» was 500 kHz. Since ©f two frequenciesf; + f, was also observed.
the period of the beat signal was observed to bes it The beat intensity as a function of the difference frequency
is confirmed that the output beam from the tandem AONi —.J2 is shown in Fig. 18. In this case, the driving frequency
has an optical frequency shift corresponding to the differenée Was changed whilef; was fixed at 122 MHz. A low-

frequency of 500 kHz. The optical frequency shift for the suriequency shift ranging from DC to approximately 5 MHz
which can be hardly be obtained by a single AOM was

obtained. This bandwidth corresponds to that of the IDT used
for exciting SAWSs. Therefore, an optical frequency shift with

-4 -2 0 2 4 6
Beat Frequency f;—f, (MHz)

Fig. 16. Optical heterodyne detection setup for measuring frequency shift.
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Analyzer of IDT pairs.
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Generator| [Modulator, Modulator| |Generator - CONCLUSION
~120MHz — ~120MHz A waveguide-type AOM in a tapered crossed-channel
LD 3dB coupley” P =—d 3dB coupler Photo proton-exchanged (PE) optical waveguide on a°12fated Y-
1.55Um Ta“dem Module, Detector|  cut LiNbO; substrate was proposed for an optical wavelength

of 1.55um. The following results were obtained in this study.

1) An analysis using BPM showed that the diffraction
properties can be improved by decreasing the SAW
beam width.



2) According to the simulated diffraction properties, for thes] C. T. Lee, "Optical-gyroscope application of efficient crossed-channel
fabricated Waveguide-type AOM with an IDT width of acoustooptic devices,” Appl. Phys., vol.B35, p.113, 1984.

. . .. . 10] S. Kakio, N. Zou, M. Kitamura, H. Ito, and Y. Nakagawa, "An integrated
2 mm, an 84% diffraction efficiency was obtained at '[h[% acoustooptic frequency shifter driven by surface acoustic wave for 1.55

driving voltage of 17 V,,s and a driving frequency of 1m optical wavelength,” Jpn. J. Appl. Phys., vol.42, no.5B, p.3063, 2003.
200 MHz. [11] S. Kakio, M. Kitamura, Y. Nakagawa, N. Zou, T. Hara, H. lto, T.

. . . . lizuka, T. Kobayashi, and M. Watanabe: "Waveguide-type acoustooptic

3) An optical frequency domain range using the FSF fiber equency shifter driven by surface acoustic wave and its application to

laser with the waveguide-type AOM was demonstrated. frequency-shifted feedback fiber laser,” IEICE Trans., vol.J86-C, no.12,

The FSF fiber laser with the waveguide-type AOM cap _ P:1263, 2003. [in Japanese]. .
12] S. Kakio, S. Uotani, Y. Nakagawa, T. Hara, H. Ito, T. Kobayashi, and

be applled to opt!cal frequency qomam ranging equal M. Watanabe, "Improvement of diffraction properties in waveguide-type
as well as one with the conventional bulk-type AOM. acoustooptic modulator driven by surface acoustic wave,” to be published

4) A monolithically integrated tandem waveguide-type _in Jpn. J. Appl. Phys., vol.46, no.2, 2007. _
13] S. Kakio, S. Uotani, Y. Nakagawa, T. Hara, H. Ito, T. Kobayashi, and

AOM was designed and fabricated. The optical fre- M. Watanabe, "Diffraction properties and beam-propagation analysis of

qguency shifts for the sum of two driving frequencies waveguide-type acoustooptic modulator driven by surface acoustic wave,”
and the difference frequency ranging from DC to 5 MHz _JPn. J- Appl. Phys., vol.44, no.6B, p.4472, 2005. ,

b d [14] S. Kakio, M. Kitamura, Y. Nakagawa, N. Zou, T. Hara, H. Ito, T. lizuka,
were observed. T. Kobayashi, and M. Watanabe, "Monolithically integrated tandem

On the other hand, the minimum undiffraction efficiencies Wwaveguide-type acoustooptic frequency shifter driven by surface acoustic

. o i . . waves,” Proc. of IEEE Ultrasonics Symp., p.240, 2006.
were approximately 1020% in every case. To obtain a hlgheflS] S. Kakio and Y. Nakagawa, "Photo-elastic constants of proton-

extinction ratio, an optimization of the waveguide shape IS "exchanged LiNb®, Jpn. J. Appl. Phys., vol.34, no.5B, p.2917, 1995.
needed. [16] K. W. Loh, W. S. C. Chang, W. R. Smith and T. Grudkowski, "Bragg

- s . _coupling efficiency for guided acoustooptic interaction in GaAs,” Appl.
In the future, FSF fiber laser oscillation will be demon Opt., vol.15, p.156, 1976.

strated using the tandem AOM, and the improvement of tiier] K. Nakamura, T. Miyahara, M. Yoshida, T. Hara and H. Ito, "A new

extinction ratio will be investigated for application to an Secgrf:ifzue_Of oTptichaI rlanLgitr;g bylalgequle7n762y-slfgggd feedback laser,” IEEE
. . . . . Photonics Technol. Lett., vol.10, p. , .

OPt'Cal matrix waltCh' Furthermore’ a W_avegu'de'ty_pe_ AO'Y!LS] M. Yoshida, K. Nakamura, and H. Ito, "Frequency-shifted feedback fiber

with a lower driving voltage will be achieved by utilizing a laser” Laser Original, vol.27, no.7, p.490, 1999. [in Japanese]

unidirectional transducer. [19] G. Couquin, K. W. Cheung, M. M. Choy, "Single- and Multiple-
wavelength operation of acoustooptically tuned semiconductor lasers at
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Abstract-This work has investigated the detecting
properties of surface acoustic wave (SAW) gas sensors
based on L-glutamic acid hydrochloride to ammonia. This
sensor exhibited the properties of excellent reversibility,
sensitivity, and repeatability to ammonia detection. The
sensitivity of the SH-SAW ammonia sensor was 4.6
ppm/ppm and the mass loading dominated the
perturbation in dry nitrogen at S0°C. The interference of
the humidity on the ammonia sensors was also studied in
this work. As the humidity rose in the environment, the
perturbation was primarily from the elastic effect. This
work would estimate the cross-sensitivity of the
interference of the humidity. Finally, the neural network
technique was used to identify ammonia in the
environment.

I.  INTRODUCTION

Ammonia is an important species for the refrigeration
and fertilizer industries and its toxic nature introduces a need
to monitor it quantitatively at its low concentration. Ammonia
can also be found in the breath of a patient who got gastric
adenocarcinoma. So the detection of ammonia concentrations
becomes a considerable interest in clinical diagnosis. Some
ammonia gas sensors based on different chemical interfaces
have been developed. These chemical interfaces include
metal-oxides [1-6] and polymer films [7-12]. Most of
metal-oxides must be operated at an appropriately high
temperature, such as a SnO, sensor was operated at 350°C [1].
Recently, Varghese et al. [6] employed Al,O; as sensitive
layer to successfully detect ammonia at room temperature.
From the earlier investigations [1-6], metal-oxides are
suitable for detecting middle-high concentrations of ammonia.
Polymer films are superior to metal-oxides, given their low
detection limit and selective detection at room temperature.
The investigations on the use of polymer films proved to
polymer films can detect ammonia effectively. The lowest
limit of detection (LOD) reported in the previous
investigation was 1ppm to ammonia [11].

In recent years, we have investigated and published the
sensing properties of SAW sensors with coating L-glutamic
acid hydrochloride to detect ammonia gas from 0.9 to
45100ppm [13,14], in which the L-glutamic acid
hydrochloride exhibited fairly reliable, sensitive, reversible,
and repeatable gas sensing properties at room temperature.
The selectivity of L-glutamic acid hydrochloride to ammonia
was also good and the long-term stability of the SAW
response exhibited a good performance at room temperature.
Meanwhile, the detection limit of L-glutamic acid
hydrochloride for airborne ammonia had been estimated to be

0.56ppm at room temperature. However, the response of
L-glutamic acid hydrochloride to ammonia less than 100ppm
was not linear at room temperature. We have further
investigated the sensing properties of lower ammonia
concentration (below 23ppm). The linearity of response was
especially studied. The frequency shift versus ammonia
concentration above 40°C was a monotonic-function and
linear [15]. Consequently, we kept focusing on investigating
the ammonia detection in ppb level at 50°C. It makes possible
to be applied in clinical diagnosis.

The interference of the humidity is often a serious
problem of ammonia sensors. All previous studies, which
investigated the interference of the humidity so far, made the
discussions when the concentration of ammonia was more
than 1 ppm. In fact, it is necessary to realize the interference
of the humidity on the detection of ppb concentration of
ammonia for the application of the biosensor.

The shear horizontal surface acoustic wave (SH-SAW)
device fabricated on LiTaO; substrate is a well known liquid
sensor, because it does not present severely attenuation when
the surface is loaded with a liquid. In addition, the advantages
of SH-SAW device, such as a high electromechanical
coupling coefficient, relative small size, fabrication
reproducibility, and fast output, are attractive to be the gas
and liquid sensors. So this work investigated the SH-SAW
sensor coated with L-glutamic acid hydrochloride to
demonstrate the interference of the humidity on the detection
of ppb concentration of ammonia. Finally, this work applied
the neural network technique to identify ammonia in
humidity to prove the possibility of the application of the
Sensors.

Il. EXPERIMENTAL

The SH-SAW sensor designed as two-port resonators
were fabricated on a 36°YX-LiTaO; substrate by lift-off
methods, using aluminum 1200 A metallization. A metal
layer was deposited on the cavity for good adhesion of the
chemical interface. The structure of the SH-SAW sensor in
this work is illustrated in Fig. 1. The characteristics of the
SH-SAW resonators were measured by network analyzer
(E5071A, Agilent, USA). L-glutamic acid hydrochloride was
the chemical interface. A known quantity of L-glutamic acid
hydrochloride (Aldrich, USA) was weighed and dissolved in
a known volume of deionized water at 75°C, to a
concentration of 0.1 mg/ml. Prior to the coating layer being
applied, the surface of the SH-SAW resonators had been
cleaned in acetone, and dried in an oven (Rendah, Taiwan) at
80°C. Then, a coating of L-glutamic acid hydrochloride was
deposited on the surface of the SH-SAW resonators by air



brushing. The thickness of L-glutamic acid hydrochloride
was approximately 2900 A measured by ellipsometry.

Two SH-SAW resonators were introduced into a
SH-SAW sensing system (Nenogram balance, ftech, Taiwan),
which applied a dual-device configuration. The RF electronic
oscillator circuit generated RF signals in SH-SAW sensing
system. The precise temperature-controller ensured
temperature stability with + 0.01°C. The dry nitrogen diluted
the ammonia and was also the carrier gas. A gaseous
ambience was controlled by the mass flow controller (Sierra,
USA) on the flow rate of 110ml/min. All detections were
preceded at 50°C. Before testing gas exposure, the sensors
were exposed in dry nitrogen for 30 min to stabilize the initial
SH-SAW signal. Lastly, a frequency counter monitored the
frequency shifts in SH-SAW sensing system, which was
connected to a computer system via a RS-232 interface board.

Metal layer
Ref Gap IDT Gap Gap IDT Gap Ref

A B ALR A

i

Fig. 1 Two-port SH-SAW resonator used in this study.
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Fig. 2 Circuit of the oscillator applied in this study

I1l. RESULTS AND DISCUSSION

Figure 2 plots the circuit of the oscillator applied in this
study. It used two amplifiers and a tunable attenuator to
supply enough gain for the oscillation. In general, the sum of
amplifiers’ gain and SH-SAW resonator’s attenuation at
well-defined frequency of oscillation is at least 0dB to satisfy
Barkhausen’s criteria. To ensure oscillation during detection,
therefore the sum of amplifiers’ gain and SH-SAW resonator’s
attenuation at well-defined frequency of oscillation was larger
than 4dB in this study. Total phase, including the amplifiers,
attenuator, resistors, and capacitors in feedback circuit,

measured by network analyzer was approximately 360°.
Hence, the phase of SH-SAW resonator should be zero or
integer times of 360° at well-defined frequency of oscillation
to satisfy Barkhausen’s criteria. On the other hand, the length
of cavity in two-port SH-SAW resonator should be enough to
deposit the chemical interface as mentioned above. However,
the long length of cavity resulted in a multimode in 3-dB pass
band, and it frequently occurred mode hopping during
detection. In order to satisfy Barkhausen’s criteria for
oscillation and avoid the mode hopping simultaneously, the
phase of SH-SAW resonator designed in this study was set to
be zero at well-defined frequency of oscillation, and the
separation between different modes in 3-dB pass band was as
large as possible.
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Fig. 3 Frequency response of two-port SH-SAW resonator: (a) simulation
and (b) measurement

The design parameters of the SH-SAW resonator in this
study were: the wavelength was 28.um, pairs of IDT were 29,
aperture was 750um, length of reflector was 1400um, length
of cavity was 1148um, the width of metal layer was1127um,
and the metallization ratio was 0.5. Figure 3 illustrates the
frequency response of the SH-SAW resonator designed in this
study. By COM simulation, it designed the zero degree of the
phase at 148.8MHz. The measurement results were
significantly consistent with the simulation. Both exhibited
two modes existing in 3-dB pass band and the separation
between two modes was approximately 1.4MHz. The



oscillation frequency measured by the spectrum (4395A,
Agilent, USA) and shown in Fig. 4 was stably at 148.86MHz
after SH-SAW resonator being connected with the oscillator
shown in Fig. 2.
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Fig. 4 Oscillation of two-port SH-SAW resonator in measurement.
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Fig. 5 Response of the SH-SAW gas sensor to 300 ppb ammonia in dry
nitrogen at 50°C.

0
05
3
i, -1 F
=
= as -t
= 2
25
3
0 100 200 300 400 500
Concentration (ppb)
Fig. 6 Responses of the SH-SAW sensor to the concentration of

ammonia in dry nitrogen at 50°C.

Figure 5 displays the response of the SH-SAW gas
sensor to 300 ppb ammonia in dry nitrogen at 50°C. The
response time was in seconds of exposure to ammonia in dry
air and the response quickly returned to the base line when
ammonia was turned off. Three gases on/off cycles performed
a similar response, revealing repeatable detection properties.
The responses were almost identical. This meant that the
L-glutamic acid hydrochloride film was reversible. The
responses of the SH-SAW sensors to 40-400 ppb ammonia
were measured in dry nitrogen at 50°C and shown as Fig. 6. It
shows that the negative frequency shift linearly increased as

the ammonia concentration increased from 40 ppb to 400 ppb.
The sensitivity, which is the slope of the curve, of the
SH-SAW sensor was 4.6 ppm/ppm in dry nitrogen at 50°C.
Fig. 7(a) indicates the frequency shift due to the absorption of
humidity. The positive frequency shift rapidly increased as
humidity increased until 40%RH. Then the frequency shift
gradually increased and saturated at 60%RH. Fig. 7(b) shows
the responses to 40 ppb ammonia gas as a function of
humidity. It illustrates the similar results to Fig. 7(a).
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Fig. 7 (a) Responses of the SH-SAW sensor to the relative humidity at

50°C.
(b) Responses of the SH-SAW sensor to 40 ppb ammonia in
humidity at 50°C.

The L-glutamic acid hydrochloride deposited on the
surface of the SH-SAW sensor acts as a selective sink. The
responses of the sensor depend on the changes of properties
of the L-glutamic acid hydrochloride to the absorption of
target. L-glutamic acid hydrochloride is a stiff and
non-conductive material, so the perturbation after absorption
can be described as follows [16]

4+ p)
Af = (kl + kz)fozhpf —k; fozh{m} ) 1)

where k; and k, are negative constants of the substrate

material, h is the thickness of the chemical interface, 4, u are
the bulk and shear moduli of the chemical interface, and p;

is the density of the chemical interface. The two terms on the
right of Eqg. (1) indicate the contributions of change in mass
loading and elastic effect, respectively, to total changes in
frequency shift of the SH-SAW sensor. The frequency
response is negative when the change in the elastic effect is
negligible or smaller than the change in the mass loading,
whereas a positive frequency response occurs as the elastic
effect significantly increases and exceeds the change in mass.

The negative frequency shift shown in Fig. 6 presents
that the elastic effect was negligible or small during detecting
ammonia in dry nitrogen at 50°C. Fig. 7(a) illustrates that the
absorption of water molecules could change the modulus of
L-glutamic acid hydrochloride and made the elastic effect to
significantly increase and exceed the effect in mass loading.
The further increasing humidity above 60%RH did not
significantly change the modulus and resulted in the
saturation of the response. Fig. 7(b) also indicates that the



contribution resulted from humidity was evident.

Therefore, the responses of the sensor can not be
described by a simple linear combination of the individual
sensitivities for dry ammonia and humidity. A mathematical
relation of the response characteristics to dry ammonia and to
humidity can be described as [17]

S(NH;,H,0) = S(NH;) +S(H,0) + DS(nm,)S(,0) (D)

where S\, .0y is the frequency shift to ammonia in
humid air in Hz, S(y,) the frequency shift to ammonia in
dry nitrogen in Hz, S, ) the frequency shift to humidity in

Hz, and D is the cross-sensitivity. The third term on the right
of Eg. (2) is a cross-term that describes the mutual
dependence of the response on ammonia and humidity. To

explain the interference from humidity, S(u, 1,0): S(NH;):

and S(y,0) were separately measured and substituted into

Eq. (2). The cross-sensitivity, shown as Fig. 8, to ammonia
nonlinearly varied between + 9x10™ Hz™. For typical values
of relative humidity in room ambient air (35to 60%), the
cross-sensitivity, D, in this work is smaller than that (=0.018)
of 4,4'4"-[benzene-1,3,5-triyl- tri(ethin-2,1-diyl)tribenzoic
acid] (SPCA) coated thickness shear mode (TSM) ammonia
sensors [17]. It demonstrates that L-glutamic acid
hydrochloride takes less interference of the humidity than
SPCA.

Fig. 8 Dependence of the cross-sensitivity of the SH-SAW sensor on
ammonia concentration and relative humidity at 50°C.

In order to identify ammonia in humidity, a fully
connected feed-forward neural network with size 2-10-1, i.e.,
2 nodes in the input layer, 10 nodes in the hidden layer, and 1
node in the output layer, was used in this work. Each node in
a layer was connected to all the nodes in the layer above it.
The sigmoid function is used as the signal transfer function
for all nodes in the neural model. Its math form can be simply
expressed as follows. Suppose we denote the output of node j
is X, then

1
I T+ exp(-XwiX;)
I

©)

where wj; is the strength of connection between node j and its
input node X; in the layer below. Training is equivalent to
find the proper weights such that a desired output could be
generated for a given input. In this work, error
back-propagation learning algorithm was used to train the
neural model we developed. The inputs of neural model were
the frequency shift and the humidity, the output was the
concentration of ammonia.

Table | The comparisons between real measurement and identification by

neural model.
Inputs of neural model Outputof Concentration
neural model by Absolute
Relative Concentration GGG || Gaibi(DD1)
humidity(%RE)| 27T PP 0op) (ppb)
20 1.20 133.82 142.20 8.38
20 1.22 115.74 121.60 5.86
20 1.47 51.15 62.30 11.15
30 1.98 205.91 219.20 13.29
30 2.01 189.47 179.60 9.87
30 2.02 177.85 164.40 13.45
30 2.14 100.71 109.60 8.89
40 3.31 188.46 179.60 8.86
40 3.50 105.46 109.60 4.14
50 421 177.92 179.60 1.68
50 4.25 163.62 164.40 0.78
50 5.12 127.26 121.60 5.66
50 5.56 84.92 81.00 3.92
60 7.85 200.45 198.70 1.75
60 8.02 137.07 142.20 5.13
60 8.11 120.60 121.60 1.00
70 8.30 211.34 219.20 7.86
70 8.39 168.08 164.40 3.68
70 8.45 137.47 142.20 4.73
70 9.08 43.65 40.00 3.65
80 8.82 157.93 164.40 6.47
80 8.86 140.94 142.20 1.26
80 8.88 126.37 121.60 477
80 9.38 45.41 40.00 5.41
90 8.04 212.92 219.20 6.28
90 8.13 184.14 179.60 4.54
90 8.26 117.14 109.60 7.54
90 8.44 72.85 81.00 8.15
90 8.56 62.08 62.30 0.22
Mean absolute error = 5.80 ppb
Table | shows the comparisons between real

measurement and identification performed by neural network.
It shows that the results of identification quite approximated
to the measurement data. The mean absolute error (MAE)
between the identified concentrations of ammonia and the
actual ones was 5.80 ppb. Hence, we conclude that the
concentrations of ammonia in humidity were predicated
effectively. The application of the SH-SAW ammonia sensors
coated with L-glutamic acid hydrochloride can continuously
be developed.




IV. CONCLUSION

In this work, the interference of the humidity on the
SH-SAW ammonia sensors coated with L-glutamic acid
hydrochloride was studied when the concentration of
ammonia was less than 1 ppm. The sensitivity of the sensor
was 4.6 ppm/ppm and the mass loading primarily dominated
the perturbation in dry nitrogen at 50°C. However, in
humidity environment, the frequency shift of the sensor had
positive responses and the contribution of the elastic effect
was significant. The cross-sensitivity from humidity
nonlinearly varied with a range of 9x10* Hz™. In our study,
the neural network technique was used to overcome the
interference of the humidity caused. The neural model could
effectively perform the identification of ammonia in a
common ambience. The mean absolute error after
identification performed by neural model was 5.80 ppb. In
future, based on the good performance of the SH-SAW
ammonia sensors coated with L-glutamic acid hydrochloride,
our lab will keep studying this sensor for practical
application.
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Abstract-Tantalum pentoxide (TaOs) thin film has high
dielectric constant and stable chemical properties. It is a
good solution for tunneling effect due to the reduction of
gate length in semiconductors. In addition, it has high
refraction coefficient and band gap, thus has potential
application on solar cells. From literatures, as grown in
preferred (2 0 0) axis crystaline structure it aso has
good piezoelectric property (high kss) and could be used
in MEMS, resonator, filters (FBAR, surface acoustic
wave devices). In previous studies, the growth of
preferred oriented TaOs thin film was performed a
elevated temperatures (>850°C) with metal Tantalum
target. This causes difficulties for 1C manufacturing
process. We deposited preferred oriented TaOs
piezoelectric thin film by RF magnetron sputtering
process with sintered Ta,Os target at reduced temperature
(400°C). The piezoelectricity and referred (2 0 0) axis
crystalline structureare demonstrated.

I.INTRODUCTION

Tantalum pentoxide (T&Os) thin film has high
dielectric constant and stable chemical properties. Itisa
good solution for tunneling effect due to the reduction of
gate length in semiconductors. In addition, it has high
refraction coefficient (n=2.18 at | =550nm) and band gap
at 4.2eV, thus has potential application on solar cells.
Ta,Os thin film was not widely studied for piezoelectric
applications. From limited literatures, as grown in
preferred (2 0 0) is crystalline structure it aso has
good piezoelectric property (high kss) and could be used
in MEMS, resonator, filters (FBAR, surface acoustic
wave devices). The comparison of material properties are
liged in Table 1 and 2. Compared to ZnO and AIN,
Ta,Os thin film has higher electrical mechanical coupling
coefficient and medium acoustic speed. In previous
studies, the growth of preferred oriented Ta,Os thin film
was performed at elevated temperatures (>850°C) with
metal tantalum target and oxide atmosphere [2]. This
causes difficulties for IC manufacturing process. In this
paper we successfully deposited preferred oriented Ta,Os
piezoelectric thin film by RF magnetron sputtering
process with sintered Ta,Os target at reduced temperature
(400°C).

1. MATERIAL SYNTHESIS
Following previous studies [3], pure metal Tatarget

was used first at different oxygen concentrations and the
XRD results show that no significant crystalline structure
was found. Annealing process was then taken and the
results are shown in Figure 1 and 2. It was found that
pure O, is favorable to the growth of crystalline In
addition, as the annealing temperature rises above 800°C
the crystalline starts to grow. However, the preferred
orientation is not significant as the spurious peaks shown.
Thus, ceramic target and pure O, condition was adopted.
269 tantalum oxide powders (99.993%, Density 8.2, Alfa
Aesar) were pressed in 25" dia. mould. The target was
then sintered at 1250°C for 6 hrs and shrunk to 2 da
The target was then placed a 5.0cm distance from
silicone (p-type [1 O O]) substrate. The effect of
sputtering pressure and power are shown in the XRD
results in Figure 2 and 3 respectively. Based on Sherrer
formula from FWHM the grain size at different
sputtering pressure is shown in Figure 4. The grain size
decreases as the sputtering pressure increases. For
piezoelectricity measurement the upper and lower
aluminum electrodes were sputtered as shown in Figure
5. After the base vacuum pressure less than 10 torr was
reached the carrying Ar gas was mixed with Q before
entering the chamber. The substrate was heated and
controlled a designated temperatures during the
sputtering process. RF magnetron sputtering was applied
for the deposition process and the sputtering parameters
areasshownin Table 3.

1. RESULTS AND DISCUSSIONS

X-ray diffraction diagram of the TaOs sample is
shown in Figure 6. The dominating peak occurs at 27.45°.
From the only JCPD card for T&0s (JCPD250922) the
peak is a 28.3° ([1 1 1 0] orthorhombic) while in
Yasuhiko et al. [2] the preferred [2 0 0] axis is at 28.4°
and in b-Ta0s monoclinic structure. Only the (2; m) in
monoclinical and (mm2; 222) in orthorhombic point
groups have piezoelectric property as shownin Figure 7.
The FWHM calculated is 1.127° and from Scherrer
formula the grain size is about 7.948 nm. The
identification of the crystalline structure will be
determined from the d value from TEM (Transmission
Electronic Microscope). The preferred orientation of the
deposited film in this study is self-evident and believed
to be in [2 0 O] axis while the crystalline structure has to
be further identified since there is no previous record can



be found.

The one port impedance measurement result is as
shownin Figure 8. For the sample under measurement
the mgjor resonant frequency is at about 4.8 GHz and the
piezoelectric characteristic is well demonstrated. The
effective K233 calculated is about 5.14%. This is higher
than the previous data and may be regarded as caused by
different substrates. The SEM picture is as shown in
Figure 9. The grain size estimated is very close to the
velue obtained from Scherrer formula. The surface
roughness was measured by AFM and the result was
shown in Figure 10. The RMS vaue of roughness is
about 4nm which is good enough for later SAW
applications. In reviewing the material properties of
TaOs thin film, the density is about twice of AIN and
ZnO which means it contribute twice of acoustic
impedance. For stacked FBAR structure the TaOs thin
film may be combined with other material to obtain
higher resonating performance.

V. CONCLUSIONS

Piezodectric Ta,Os thin film was synthesized at
low temperature (400°C) by RF-magnetron sputtering.
The preferred [2 0 0] axis oriented crystalline structure is
examined from XRD although the exact point group has
to be identified later. The piezoelectric property is
demonstrated from impedance measurement and the
exact value of dectrica / mechanical coupling
coefficientsfor SAW will be analyzed later.
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Table 1 Comparison of piezoelectric properties of different thin films.

ZnO/sapphire[1] AlN/sapphire[1] TaOs/quartz[2]  ZnO/quartz [ 3]
Acoustic speed (m/s) 5500 5910 3000 2800
Electrical / mech.coupling 4.5 1 1.54 1
coeff. (kaz %)
Density(kg/ m3) 5720 3255 8015 5610
Table 2 material properties of Tg,Os thin film from [2].
Constant Vdue Standard error
El 35“1‘13 consztants ch 1.662
in 107" N/m e 1.227 0.168
2
ct 2.148 0.214
cE 0.569 0.085
55

Piezoel ectric e -1.814
constants in € -0.354 0.226
C/m? &6 1.27 0.068
Dielectric el /e, 41
constants .

e22 / eo 195

elsl / eo 39.1

eZSZ /e o 16.3
Density (kg/m°) 8015




Table 3 Sputtering condition of the film structure.

RF power Sputtering Sputtering time | Substrate
pressure temperature
Ta0s 230 W 3 mTorr 1.5 hours 400°C
Al 150 W 3mTorr 10 min 25°C
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Figure 9 SEM picture of the sputtered TaOs film.
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Abstract

A potential piezoelectric crystal LiAIO, with (100)
orientation is grown by means of the Czochralski pulling
method. The as-grown crystal is identified as a single
phase with good uniformity by Xray diffraction pattern.
(001) TEM image showed an unique cross-hatched pattern
which reveals a superlattice structure. Several cubic
LiAIO, specimen, 10.0mm ~ 10.0mm ~ 10.0mm were
manufactured to characterize its elastic properties. The
time-based pulseecho transmission technique was
employed to measure the acoustic velocities of
longitudinal and transverse modes. The elastic constants
of LIAIO, were extracted from the acoustic velocity
measurements at different propagation directions. It was
found that the acoustic velocities of LiAIO, are much
higher than the current piezoelectric crystals, including
guartz, LiNbO; and Langasite family materials.

1. Introduction

LiAIO, crystal belongs to the space group symmetry
P4,2:2 in which each lithium and auminum atom is
coordinated at the center of tetrahedron, with four oxygen
atoms.[1] It was found to be piezoelectric by J.P. Remeika
[2] in 1964. Recently, LiAIO, attracted more attention as a
potential substrate for growing Il1-nitride semiconductor.
It has certain unique properties. The c lattice parameter of
LIAIO, is close to two times of the a lattice
constant(0.6378nm) of GaN, while the a lattice constant
of LIAIO, matches the c lattice constant (0.5165nm) of
GaN. The corresponding lattice mismatch between LiAIO,
and wurtzite GaN is 1.7% for [001] LiAlIO, paralle to
[1120] GaN and 0.3% for [010] LiAIO, parallel to [0001]
GaN. Secondly, after GaN epitaxia growth, LiAIO,
substrate can be removed by chemical etching. The total
area for device manufacturing is enlarged. GaN grown on
(100) LiAIO, substrate is along M-plane (10-10), which
places the polar c-axis in the wafer's plane. In this
orientation, quantum confined stark effect (QCSE) which
causes a red-shift in emission can be eiminated.[3,4,5]
However, there is a lack of the information of its growth
defect and acoustical properties in the previous reports.

The motivation to do this research is based on the
scientific curiosity and the possible acoustic applications
of LiAIO,. At present, the largest application of the
piezoelectric materials is to make surface acoustic wave
devices (SAW) as frequency filters in the wireless
communication. Current commercial crystals are quartz,
and LiNbGs. Quartz has low acoustic loss and temperature
stability, but due to its narrow bandwidth, and small
piezoelectric constant, it has limitation in the fabrication
of certain filters. Quartz is aso limited by its tendency to
form twin domains under pressure at temperature above
350°C. LiNbO; has a high coupling constant, make it a
proper material for acoustic transducer, but the
temperature shift is large which is not suitable for band
pass filter in wireless communication system. Since
LiAIO, shows it piezoelectric properties, and high
acoustic velocities, it might be a potential candidate for
these acoustic applications.

In this manuscript, a single LiAIO, crystal was grown
by Czochralski pulling technique, and its growth defect
was evaluated by using electron microscope. The
measurements of acoustic velocities of longitudina and
transverse modes were done by means of te time-based
pulse-echo transmission technique. This approach is found
efficient and accurate over the frequency interest, and can
be fully automated using computer control. The elastic
constants of LiAIO, were then extracted from the acoustic
velocities at different propagation directions.

2. Crystal Growth

A stoichiometric mixture of Li,CO; powders and
Al,O; grains, both with 99.99% purity, was prepared for
the Czochralski pulling method. Since Li,O is easy to
volatilize in both cooling and growth process, 5~10%
excess of Li,COs in weight fraction was added. In order to
reduce the materid’s volume, the raw materids were
compressed into tablets and then heated at 1200°C for
10hrs to decompose CO,. The raw materials were then
placed in an iridium crucible. An iridium lid was used to
cover the crucible to decrease the emperature gradient
and avoid Li evaporation. If the crucible was uncovered,



the melt would deviate from stoichiometric ratio because
of Li evaporation.

The crucible was then heated to approximately
1750°C to melt the raw materials. During the growth,
nitrogen gas was continuously supplied to prevent the
oxidation of the Ir crucible. The seed used had a (100) a
axis. A pulling rate of 3~5mm/hr, and a rotation rate of
20~30rpm were used to control the growth conditions.
The crystal growth atmosphere was pure nitrogen with the
pressure 1" 10° Pa. The phase of the as-grown LiAIO,
crystals was identified by X-ray diffraction spectrometer.

3. Result and Discussion

Fig. 1 shows the first LIAIO, crystal grown in this
study. The bottom of the crystal is opaque and milky due
to the strong chemical decomposition and had lots of
inclusions precipitated and cracks inside. Green laser was
used to evauate the crystal’s overall quality. Laser beam
was scattered by the voids and inclusions dlightly. The
voids was caused by the high oxygen concentration. When
the oxygen concentration continues increasing and reaches
its solubility limit, it will diffuse into the crystal and then
form the voids. The inclusions result from the off-
stoichiometry of the met.[6] In addition, the crysta
surface is not very smooth. This is because the surface
was etched by Li,O evaporation during the crysta
growth.[7] A suitable therma gradient for LiAIO, growth
was achieved by adding a ZrO, after-heater tube to the top
of the crucible which was wrapped with two layers of
ZrO, felts (ZYF-166, Zicar Zirconia). This decreased the
vertical temperature gradient and eliminated the chemical
decomposition. Al,O; felt (Kaowool 3000) was aso tried
as an after heater wrapping. Unfortunately, it had a strong
reaction with the ecaping Li,O vapor. In addition, the
crystal has a very rough surface which might be due to the
chemical etching associated with a high temperature
reaction with the Li,O vapor.

Fig. 2 shows the second 2” LiAIO, crystal grown. The
crystal is clear without any visible bubbles, inclusions and
cracks. The crystal’s surface became smooth and shinny.
No chemical decomposition was found especially at the
cone area. Compared with Fig. 1, apparently some
improvements have been made. At the second run, two
layers of ZrO, felt were wrapped around a bare ZrO,
after-heater tube. The vertical temperature gradient was
lowered tremendously, and much less Li,O vapor loss.
This setup of the ZrO, insulators was proved to be
reproducible for the following experiments. In the
beginning of the growth, a high rotation rate 30rpm was
used to eliminate the voids i.e. enhance forced convection.
Then the rotation rate was ramped down to 20rpm
gradudly to relieve the turbulence of the melt. A higher
N, pressure was used in the second run and this partly
prevented the surface from a high temperature reaction
with Li,O vapor. From a preliminary X-ray scan, the
reflection peaks of the LIAIO, crystal were identified as
the ?-phase which has the tetragonal structure and the

lattice parameters are a = 5.1698A, ¢ = 6.2779A. The X-
ray rocking curve showed the FWHM was 0.0452° at (200)
LiAlO,.[8] From a preliminary X-ray scan, the reflections
on the LiAlIO, specimen appears like asingle crystal.

M. Chou et da. [9,10] had measured the thermal
expansion coefficients a=7.1" 10°K™ and a,=15.0" 10°K’
! and also demonstrated no phase transition in LiAIO,
crystal. However, LIiAIO, dtill has the following
disadvantages: it is difficult to get the good single crystals,
it reacts with most acids.

TEM specimens oriented in the different directions
were prepared to identify the microstructures and defects.
It needs to be very careful to work with LiIAIO, TEM
sample since if the electron beam is kept stationary on the
material more than a few seconds, the material will be
vaporized. Fig. 3(a) is the view in (001) direction and its
square diffraction pattern. A clear grain boundary was
observed. Since the specimen has a certain thickness,
double dffraction pattern was found. Fig 3(b) is the other
(001) TEM image which showed an unique cross-hatched
pattern. This grid pattern reveals a superlattice structure.
The possible reason is because Li and Al atoms have the
very different atomic diameters and bonding length, they
might exchange their lattice sites in this organized way to
relieve the stress. These site exchanges will cause the
phase shift which results in the interference pattern. These
hatched patterns are only seen when preparing specimen
looking in the (001) direction. When viewed in the other
directions, these patterns are not visible.

In order to investigate the acoustic properties,
including the acoustic velocities and stiffness constants, of
LiAIO, crystal, appropriate crystallographic orientations
must be determined. Several principal X-, Z-cut and +45°
rotated Y-cut (rotating a Y-cut specimen around the X
axis) specimen are prepared from the as-grown (100)
LiAIO, crystal. The rotated Y-cut specimens were selected
from the crystalline planes specified in |EEE standard.[11]
Since the acoustic velocity is a function of the propagation
direction, the propagation direction must be very accurate
for the determination of the acoustical physical constants.

Precisely cut and measured 10.0mm LIAIO, cubes
were manufactured to evduate its acoustical properties.
The time-based pulse-echo transmission technique was
employed to measure the acoustic velocities of LiAIO,
material. Two ultrasonic transducers were used to generate
the acoustic waves, one (Panametrics V1091, 5 MHz, 1/4
inch) is for the longitudinal mode and the other one
(Ultran SWC18-5, 5 MHz, 1/4 inch) is for the shear mode.
The ultrasonic source and receiver are mounted on the
opposite sides of the specimen. Honey serves as a
couplant between the longitudina transducer and the
specimen. And Panametric SWC is the couplant for the
shear wave transducer. The couplant is very thin so it does
not affect the velocity measurements.[12] If the mounting
is bad, some air might stay in the couplant. This affects
how much acoustic energy is transferred into the sample
and make the acoustic signal weaker. The experimental



setup is shown in Fig. 4. The orientation of the shear mode
transducer would allow the maximizing or minimizing of
various shear modes depending on the mounting angle
with respect to the axis of the specimen.

Acoustic velocities measured in a temperature control
environment, 26+0.5°C are summarized in Table |. Fig. 5
showed that the propagation directions, and particle
motions of the acoustic wavesin the LiAIO; crystal. Fig.6
is the time domain responses of the acoustic signals
propagating along the different directions. The
measurement errors are given by the measurement
accuracy of the specimen thickness, and temperature
fluctuation. Based on the Bar Cohen's estimate [13], the
maximum error of velocity estimation induced by the
temperature fluctuation is about 0.15%. It was found that
the acoustic velocities of LiAlIO, are much higher than the
current piezoelectric crystals, including quartz [14],
LiNbO; [15] and Langasite [16] family materials.

As LiAIO, belongs to the tetragonal structure, it can
be characterized by 6x6 symmetrica matrix with six
stiffness constants, Cy1, Css, Css, Css, Ci2 and Ci3[17] By
using Brown [18] and Cheadle [19] methods, the elastic
constants can be extracted from the longitudinal and shear
waves velocities a the symmetry axes, and the

longitudinal wave velocities at +45  to the symmetry
axes. Table I is the gtiffness constant G; (x10° N/m?) of
LiAlO, crystal at room temperature.

4. Conclusion

In summary, Czochralski growth of LiAlIO, single
crysta were investigated. An organized cross-hatched
pattern which reveals the superlattice structure was found
in c-axis TEM specimen. This pattern might be related to
Li and Al atoms exchange their lattice sites and cause the
phase shift in the TEM image. The exact formation
mechanism is still under investigation. It was reported that
the determination of the acoustic velocities and stiffness
constant of LIiAIO, crystal. We consider carefully the
proper propagation directions and modes to accurately
determine the material constants. Several principa X-, Z-
cut and +45° rotated Y-cut specimen for determining the
congtants are prepared from the as-grown (100) LiAIO,
crystal. Our work forms the basis for studying the
applications of the LiAIO, material to ultrasonic devices,
such as surface acoustic wave devices, resonator, bulk
wave filter, sensors, and transducers. Further work is
required to maximize accuracy in measuring the arriva
time of the signal and start to fabricate the SAW IDT
structure on LiAIO, substrate.
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Table I. Acoustic velocities of LIAIO, crystal at the different directions.

Direction of Propagation Types of waves m/sec Resolution (%)
X-axis Longitudinal (V11) 8155 0.2
Z-axis Longitudinal (Vz3) 8225 0.2
+45° rotated Y-cut Longitudinal (Va4) 8221 +0.2
—45° rotated Y-cut Longitudinal (Ves) 7204 +0.2

Table I1. Stiffness constant G; (x10° N/m?) of LiAIO, crystal at 26°C.
Cll C33 C44 C66 C12 Cl3

173.24+0.70  176.23+t0.70  64.27+0.26  35.53+0.07 26.08+0.1 48.83+0.20

N an

[ FL I

Fig. 1. LIAIO, single crystals with the (100) growth
orientation. A ZrO, after-heater tube was added to the top
of the crucible. One huge crack and inclusions are found.

e

-
TR o

Fig. 3. TEM andyss of (001) LiAlIO, sample, (a) the
bright field image and its square diffraction pattern, (b)
the unique cross-hatched patterns reveal a superlattice
structure.

Fig. 2. LIAIO, single crystals with the (100) growth
orientation. Two layers of ZrO, felts were wrapped around
ZrO, after-heater tube.
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A Super-Precise Method of Evaluating and Selecting
EUVL-Grade T10,-S10, Ultra-Low-Expansion
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Abstract—Evaluation method for TiO,-doped SiO, ultra-low-
expansion glass having periodic striae associated with its
fabrication process was investigated using the line-focus-beam
ultrasonic material characterization (LFB-UMC) system,
measuring the velocity of leaky surface acoustic wave (LSAW) on
a water-loaded specimen surface. We obtained a proper
standard specimen of the glass with an LSAW velocity of 3308.18
m/s within +0.35 m/s for system calibration and determined the
relationship between the TiO, concentrations and LSAW
velocities, resulting in the TiO, concentration of 7.09 wt% for the
standard specimen. Then, we investigated evaluation procedures
for photomasks and optical mirrors of practical size used as
reflective optics in extreme ultraviolet lithography (EUVL)
systems. Two specimens were prepared with their surfaces
parallel to the striae plane from commercial TiO,-SiO, ultra-low
expansion glass ingots. The homogeneities / inhomogeneities of
each specimen were evaluated at 225 MHz.  Evaluation
procedures with sufficient accuracy were established for analysis
of striae parameters such as striae periodicity and variations.
Our ultrasonic method should be standardized as a new
evaluation method not only for the development of EUVL-grade
glasses and the evaluation of the production processes, but also
for the quality control and selection of the production lots.

Keywords- line-focus-beam ultrasonic material characterization
system; velocity measurement; leaky surface acoustic waves; TiO,-
Si0; ultra-low expansion glasses; coefficient of thermal expansion;
extreme ultraviolet lithography system

L INTRODUCTION

Ultra-low-expansion glasses, having a CTE within +5
ppb/K at a desired operating temperature (for example,
22+3°C for photomask blanks), are required for the basic
substrate material suitable for reflective optics and photomask
blanks in the EUVL system [1]. TiO,-doped SiO, (TiO,-SiO,)
glass [2, 3]is one of the candidate materials. Ultra-low CTE
of the glass is achieved by adjusting the TiO, concentration
around 7 wt%.

To develop ultra-low expansion glasses with satisfactory
CTE characteristics, it is important the fabricated glasses be
evaluated so that the obtained information can be used to
improve the glass fabrication processes. Methods to evaluate

CTE include a direct method [4, 5], in which CTE is measured
by a dilatometer with an interferometric system, and indirect
methods [1, 6-8], in which CTE is determined by measuring
ultrasonic longitudinal velocities, chemical compositions, or
refractive indices, which are closely related to the thermal
properties of CTE. With the direct method, the Association of
Super-Advanced Electronics Technologies (ASET) has
succeeded in achieving a resolution of +2 ppb/K (+20, o:
standard deviation) [5]. Among the indirect measurement
methods, a method using refractive indices has a higher
resolution of +0.038 ppb/K (+20) [1, 6]. However, both of
these methods are only capable of measuring the average
characteristics of specimens of 100 mm in length, and
therefore they cannot be applied to the characterization of the
substrate surfaces, which is essential in evaluation of ultra-low
expansion glasses for EUVL. Especially for TiO,-SiO, glass,
evaluation of periodic TiO, concentration distributions, i.e.
striae formed during the fabrication process [8], is necessary.

We have proposed an evaluation method for ultra-low
expansion glasses using the line-focus-beam ultrasonic
material characterization (LFB-UMC) system [9, 10][11-19].
This method allows nondestructive, noncontact analyses of
properties of a specimen surface through highly accurate
measurement of the phase velocity of leaky surface acoustic
waves (LSAWs) excited and propagated on a water-loaded
specimen surface. We have applied the present system to
evaluate commercial TiO,-SiO, glass and have verified that a
very high resolution of LSAW velocity for CTE can be
achieved [11, 12]. For this system is also capable of
measuring two-dimensional LSAW velocity distributions on
the substrate surfaces, striae, which are caused by the periodic
distributions of TiO, concentration, have been clearly detected
[11,12].

In this paper, we discuss an appropriate measurement
method and procedures to employ the LFB-UMC system for
evaluations of commercial TiO,-SiO, ultra-low expansion glass
for the EUVL system both in the glass development process
and in the process where the glass has been sufficiently
homogenized, as well as for the quality control and selection in
its mass production process.



II.  SPECIMENS

Commercial TiO,-SiO, ultra-low expansion glasses with
different premium- and mirror-grade (C-7972, Corning Inc.)
were used to prepare several specimens to obtain a standard
specimen for system calibration and relationship between TiO,
concentrations and LSAW velocities and to discuss evaluation
procedures of glasses for EUVL systems. The glass was
produced by deposition in a rotating refractory container with
many burners by the direct method, using a flame hydrolysis
process, and in the form of a large circular plate glass ingot of
1500 mm in diameter and 150 mm in thickness. It was
reported that periodic striae with an interval of about 0.16 mm
are formed perpendicularly to the glass deposition direction
due to the condition of the production process [8]. The
specifications for CTE are provided in the catalog that the
absolute value is 0+30 ppb/K at 5-35°C and the homogeneities
are within 10 ppb/K for the premium-grade ingot and 15
ppb/K for the mirror-grade ingot [20].

We prepared two types of specimen substrates cut from the
ingot with the striae plane perpendicular to the z axis as
illustrated in Fig. 1(a): the substrate surfaces were parallel (Fig.
1(b)) and perpendicular (Fig. 1(c)) to the striae plane.

We prepared a total of seven perpendicular specimens
from four different ingots to obtain a standard specimen and to
determine an accurate relationship between LSAW velocities
and TiO, concentrations. Dimensions of the specimens were
50 mm x 50 mm x 4.8 mm".

To investigate three-dimensional structure of striae, a
specimen parallel to the striae plane as shown in Fig. 1(b) was
prepared with dimensions of 100 mm x 50 mm x 7.96 mm'
from a glass ingot with the premium grade.

In order to discuss evaluation procedures of TiO,-SiO,
glasses for photomasks and optical mirrors of the EUVL
systems, two parallel specimens, as shown in Fig. 1(b), were
prepared with dimensions of 136 mm x 134 mm x 9.98 mm'
for premium-grade specimen (specimen A) and 229 mm x 149
mm x 6.75 mm' for mirror-grade specimen (specimen B).

All specimens were optically polished on both sides with
parallelisms within 10".

III. LFB-UMC SYSTEM AND MEASUREMENT REGION

LSAW velocities were measured with the LFB-UMC
system [10] at an ultrasonic frequency f of 225 MHz. The
measurement principle of the LSAW velocity is described in
detail in the literature [9]. Fig. 2 (a) is a cross section of the
LFB lens and a specimen with periodic striae, illustrating the
measurement principle of the V(z) curve. Fig. 2 (b) shows the
measurement region WxD on the specimen surface. A typical
V(z) curve measured for C-7972 is given in Fig. 3 (a). A
spectrum distribution as shown in Fig. 3 (b) is obtained from
this waveform by the V(z) curve analysis. The oscillation
interval Az obtained from the result of this analysis is
substituted into Eq. (1) to obtain the LSAW velocity Vi saw-

STRIAE PLANE
z

TiO, CONCENTRATION

(a)

Fig. 1. Specimen preparation. (a) Glass ingot. (b) Specimen with
the substrate surface prepared parallel to the striae plane (parallel
specimen).  (c¢) Specimen with the substrate surface prepared
perpendicular to the striae plane (perpendicular specimen).

Visaw = 2
1= (1 — VW)
2fAz

where Vy is the velocity of the longitudinal waves in water.
Absolute calibration was performed using a C-7972 standard
specimen [13] to obtain the absolute value of the LSAW
velocity [21] as shown in Section IV-A. The measurement
reproducibility of the LSAW velocity was +0.17 m/s (+20)
and the resolution for CTE was +0.74 (ppb/K) at 225 MHz
[19].

When the ultrasonic measurement region WxD was larger
than the periodicity of the striae on the specimen surface, the
measured values of the LSAW velocity were averaged within
the region [13]. The maximum value of the propagation
distance of LSAWs in the focused direction W on the
specimen surface was 280 wm in the measurement for C-7972
at 225 MHz. The measurement region in the unfocused
direction D depends on the operating parameters of the
ultrasonic device, and the value used in this experiment was
approximately 900 um. As 70 % of Rayleigh-type LSAWSs’
energy is confined within 0.4 wavelength below the surface as
they propagate, the resolution in the depth direction is
approximately 6 um at 225 MHz. The effect of averaging
LSAW velocities on specimens with periodic striae was
investigated through the numerical calculations, and it was
concluded that the true value could be obtained when the
periodicity of the striae was larger than 1.6 mm [22] in the
measurements at 225 MHz.

(M
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IV. EXPERIMENTS AND DISCUSSIONS

A. Standard Specimen

LSAW velocity values measured with the LFB-UMC
system vary according to the systems and ultrasonic devices
used for measurements and their operating ultrasonic
frequencies [21]. Therefore, the absolute values of the LSAW
velocity are obtained by correcting the measured values
through a system calibration method that uses a standard
specimen whose acoustical physical constants (elastic
constants and density for nonpiezoelectric materials) have
been accurately measured [21]. The calibration is made by
comparing the actual measured LSAW velocity on the
standard specimen with the calculated one obtained through
numerical calculation using its measured bulk properties, viz.,
elastic constants and density. So it is necessary for accurate
calibration to measure corresponding LSAW velocities at
positions where the bulk properties of the standard specimen
are measured.

As a standard specimen, homogeneous specimen would be
ideal. However, TiO,-Si0, glasses have more or less elastic
imhomogeneities due to periodic striae, so we prepared
perpendicular specimens from several C-7972 ingots, and
investigated the inhomogeneities. We select a specimen with
relatively less velocity variations as a proper substrate for the
standard specimen. We measured bulk longitudinal and shear
wave velocities and density for the standard specimen around
23°C. A standard value of an LSAW velocity of 3308.18+0.35
m/s at 23°C was determined for the standard specimen.

B. Calibration Line for Chemical Composition

The LSAW velocity measurements were carried out at 169
positions in 2-mm steps along both the y- and z-axis directions
for an area of 24 mm x 24 mm around the center of seven
perpendicular specimens. The area corresponds to that for
measuring chemical compositions by X-ray fluorescence
analysis. The LSAWs propagated on the surface of the
perpendicular specimens in the y-axis direction in Fig. 1(c).
The measured velocities were calibrated using the standard
specimen obtained in Section IV-A. The maximum difference
in the averaged LSAW velocities among the seven specimens



TABLE 1. SENSITIVITIES AND RESOLUTIONS FOR CTE, TIO, CONCENTRATION, AND DENSITY FOR C-7972 GLASS BY LSAW VELOCITY MEASUREMENTS.

Sensitivity Resolution (£20)
225 MHz 75 MHz
LSAW velocity +0.17 (m/s) +0.07 (m/s)
CTE 4.41 (ppb/K)/(m/s) +0.74 ppb/K +0.29 ppb/K
TiO, concentration -0.0601 wt%/(m/s) +0.010 wt% +0.004 wt%
Density 0.0176 (kg/m’)/(m/s)  +0.0029 (kg/m’)  +0.0011 (kg/m’)
Vigaw [M/s] 3302 3304 3306 3308 3310 3312
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Fig. 5. Three dimensional LSAW velocity distributions for a C-7972 specimen at 225 MHz. The scale along the z axis is enlarged one hundred

times. (a)x-y plane. (b) x-z plane. (c) y-z plane.

was 4.07 m/s, and the maximum value in the maximum
velocity variations on the surface for the seven specimens was
1.87 m/s.

We analyzed chemical compositions of the seven
specimens using an X-ray fluorescence analysis (XRF) system.
Measurements were made for an area of 25 mm? around the
center of each specimen. The main elements were found to be
SiO, and TiO,, TiO, concentrations of 6.56-6.80 wt% were
obtained. The reproducibility of the TiO, concentration was
estimated to be within 0.02 wt% from 20 repeated
measurements for one specimen. The values measured by
XRF analysis were calibrated by values measured by an
inductively coupled plasma - optical emission spectrometry
(ICP-OES) system. In order to obtain an accurate gradient, we
added the LSAW velocity of 3426.18 m/s for the standard
specimen of synthetic silica glass of C-7980 (Corning Inc.)

with 100-percent SiO, [23]. The result of a relationship
between the LSAW velocities and calibrated TiO,
concentrations can be obtained as shown in Fig. 4. From this
result, we can determine the sensitivity and resolution of the
LSAW velocity to the TiO, concentration as -0.0601
wt%/(m/s) and £0.010 wt% for +20 at 225 MHz. Furthermore
the TiO, concentration for the standard specimen with a
LSAW velocity of 3308.18 m/s was determined to be 7.09
wt%.

The densities were 2197.74 kg/m® for the C-7972 standard
specimen and 2199.82 kg/m’ for the C7980 standard specimen
[23]. The CTE for the C-7980 standard specimen is typically
520 ppb/K around 23°C [24], and that for the C-7972 standard
specimen is assumed to be 0 ppb/K. The sensitivities and
resolutions of LSAW velocity to the CTE, TiO, concentration,
and density were presented in Table 1.



C. Three-Dimensional Striae Structure

Two-dimensional LSAW velocity distributions were
measured for the specimen described in Section II. Then, the
specimen surface was optically polished to reduce the
thickness by about 40 pum, viz., a quater period of striae, and
the LSAW velocities were measured along x-, and y-axes.
This procedure was repeated five times. The results were
shown in Fig. 5. From the results, we can easily understand
the three-dimensional configuration of striae that was not clear
in the two-dimensional data of Fig. 5(a). The measurement
results revealed that the striae plane curved gently down in the
radial direction, having a slightly convex cross section layered
with a striae periodicity of 0.16 mm and a curvature radius of
440 mm, and also existed in a circular form with a curvature
radius of 450 mm. The maximum LSAW velocity change
obtained over the entire measurement region of the specimen
was 11.66 m/s, corresponding to a TiO, concentration of 0.70
wt% and a CTE of 51.4 ppb/K from the calibration line
obtained in Section IV-B. These results reflect the glass
production-process conditions such as the arrangement of the
multiple burners, the rotation speed of refractory container, the
glass liquid flow, and the temperature distributions on the
glass deposit surfaces and within the container. Results
provided by this ultrasonic method could be fed back to
optimize the conditions of the glass manufacturing process in
order to realize homogeneous glass ingots for EUVL use.

D. Evaluation and Selection of EUVL-Grade TiO,-SiO,
Ultra-Low-Expansion Glasses

Two-dimensional LSAW velocity distributions were
measured for specimens A and B described in Section II. The
results are presented in Fig. 6, together with the line-scanning
measurements along x- and y-axes. For specimen A, the
averaged LSAW velocities were 3308.10 m/s and 3308.23 m/s
for two-dimensional and line-scanning measurements, with
maximum velocity differences of 12.98 m/s and 11.84 m/s.
For specimen B, the averaged LSAW velocities were 3307.33
m/s and 3307.22 m/s for two-dimensional and line-scanning
measurements, with maximum velocity differences of 7.68
m/s and 7.28 m/s. We can obtain that the averaged TiO,
concentrations correspond to 7.09 wt% and 7.14 wt% for
specimens A and B, with the maximum differences of 0.78
wt% and 0.46 wt%, from the calibration line obtained in
Section IV-B. And, the maximum velocity differences
correspond to the CTE variations of 57.2 ppb/K and 33.8
ppb/K for specimens A and B. The estimated CTE variations
were 5.7 and 2.3 times larger than the specifications. This is
considered to be due to the fact that the manufacturer
evaluates the CTE of the glass ingots by measuring the
velocities of longitudinal waves propagating in the thickness
direction of the ingots and their distributions [1, 7]. Therefore,
CTE variations caused by striae on the specimen surface or in
the glass ingots could not be detected accurately [13].

Based on the measurement results, we discuss evaluation
methods of the EUVL-grade TiO,-SiO, glasses in the
developmental stage and in the stage that more homogeneous
glass ingots can be obtained, and for the quality control and
selection. The flowchart for evaluation, quality control, and

selection of EUVL-grade TiO,-SiO, glasses using the LFB-
UMC system is shown in Fig. 7.

In the development of the glasses, it is important to
evaluate the absolute CTE and the parameters of periodic
striae such as the periodicity, variations, and distributions. It
is very useful to understand the striae structures by the two-
dimensional measurements, as shown in Fig. 6. However, the
number of measurements was too many. On the other hand,
the number for line-scanning measurements was much less,
and it is possible to obtain almost the same averaged velocities
and maximum velocity variations as those of the two-
dimensional measurements. The CTE characteristics of TiO,-
SiO, ultra-low-expansion glasses are adjusted by controlling
the concentration of TiO,. Therefore, TiO, concentrations are
calculated from the averaged LSAW velocities using the
calibration line, and it should be fed back to the glass
fabrication conditions. The CTE within +5 ppb/K needed for
EUVL-grade ultra-low-expansion glass substrates are satisfied
when LSAW velocity variations are within +1.13 m/s,
calculated from the sensitivity of 4.41 (ppb/K)/(m/s).

In the stage that the glass production processes are
improved to reduce striae and more homogenous ingots are
produced, it is not necessary to measure LSAW velocities with
fine steps. For example, we can obtain averaged TiO,
concentrations from the averaged LSAW velocities by line-
scanning measurements with steps from several millimeters to
several tens millimeters using the calibration line.

In the stage for mass production of the EUVL-grade ultra-
low-expansion glass, it is necessary to conduct quality control
and selection of the substrates suitable for different parts of the
reflective optics in the EUVL system, having differently
required CTE specifications, viz., temperatures at which CTE
becomes zero (zero-CTE temperature). In the mass-production
stage, it is possible to measure the LSAW velocities at several
sampling points, such as 9 points, 5 points, ultimately only 1
point at center of the substrate and to select the substrates for
the desired use, if problems concerned with striae are already
solved, and the CTE distributions are smaller than +5 ppb/K. It
is possible to obtain higher CTE resolution if the operating
frequency is changed to the lower frequencies, such as 75 MHz,
although it was 225 MHz in this paper [14].

V. CONCLUSION

In this paper, we discussed a method of evaluating and
selecting EUVL-grade TiO,-SiO, ultra-low-expansion glasses
using the LFB-UMC system, based on two-dimensional and
line-scanning LSAW velocity measurement results. It was
clarified that the line-scanning measurements were much more
useful than the two-dimensional measurements to obtain
information of maximum differences and averaged values of
the LSAW velocities on the surface of substrates,
corresponding to the CTE information, needed for EUVL
systems, that could not be obtained in the conventional CTE
measurement techniques. This ultrasonic method with much
higher accuracy is very useful not only for evaluation to
develop more homogeneous ultra-low expansion glasses on
the developmental stage, but also for quality control and
selection of the glass on the mass-production stage at which
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Fig. 7. Flowchart for evaluation, quality control, and selection of
EUVL-grade TiO,-SiO, glasses using the LFB-UMC system.

inspection of all substrates is required. Our ultrasonic method
should be standardized for an evaluation method of the
EUVL-grade ultra-low-expansion glasses.
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Abstract- Dispersive transducers have sharp cut-off and
flat wide band frequency characteristics. Also phase linear
and the very low loss characteristics are obtained by
combining down-chirp and up-chirp unidirectional
dispersive transducers (DUDIDT and UUDIDT).

In this paper, DUDIDT and UUDIDT were investigated
using TeO, thin film gratings with the large impedance
ratios. The impedance ratio of r=Ze/Zg (Ze: with shorted
thin film and Zg: without open thin film) were investigated
using TeO, thin films. The results showed the large
impedance ratio, r=0.96 at the thickness of H/ 1 =0.01 on
TeO,/128 * Y-X LiNbO;. These grating are applied for
DUDIDT and UUDIDT. The very low insertion loss of
0.2dB and flat wide band of 10% and the very sharp cut-off
characteristics were theoretically obtained and the
experimental results showed the insertion loss of 0.6 dB at
400MHz.

1. Introduction

The success of practical applications of SAW devices in
the field of filters, signal process and others depends on the
choice of substrate materials. The important properties to
be taken into consideration for SAW devices would be the
electromechanical coupling coefficient, k* (should be as
high as possible), the temperature coefficient of frequency,
TCF (should be as small as possible), spurious response for
high performance. Also the unidirectional transducer and
SAW resonators using the internal reflections and the bulk
acoustic resonators with multi-layers require the high
reflectivity with the large impedance ratio gratings of
low propagation loss under the very thin film conditions.
Especially, the flat wide band and the very low insertion
loss filters using unidirectional transducers with gratings of
large impedance ratios are required.

Dispersive unidirectional transducers have the above
properties. Also phase linear characteristics are obtained
by combining the down-chirp and up-chirp unidirectional
dispersive transducers (DUDIDT and UUDIDT) with thin
film gratings. The SiO, thin film gratings have good
properties as dielectric reflectors. Unfortunately, the SAW
velocities of the SiO, are almost the same as substrate

velocities, for examples, as 128 * Y-X LiNbOs. Therefore
the thick films for large impedance ratios with some
propagation attenuations are needed. The grating substrates
of the very low velocity thin films below 1000m/s have the
large reflectivity with low propagation attenuations for
SAW and bulk waves because of decreasing the grating
film thickness. The velocity of Y-X TeO, has the lowest
velocity of 850m/s for Rayleigh waves. Therefore, the
TeO, thin films are used as the gratings with the large
impedance ratios at the very thin thickness. Also, these
grating films are easily fabricated on piezoelectric
substrates.

In this paper, the large impedance ratios of TeO,
grating/128 ~ Y-X LiNbO;, 36 ~Y-X LiTaOs and 5 Y-X
LiNbOs; are investigated theoretically and experimentally,
and applied to dispersive unidirectional transducers. The
theoretical and experimental results of unidirectional
dispersive SAW transducers and filters using large
impedance ratios are described.

2. Phase linear-Sharp Cut Off- Flat Wide
Band and Low Loss Filters using Dispersive
Unidirectional Transducers and New
Reflecting Materials of TeO, Thin Film

Dispersive Interdigital Transducers (DIDT) on Y-Z
LiNbO; have the unidirectionality toward down-chirp
direction [1], as shown in Fig.1. Also, the unidirectional
DIDT (UDIDT) shows flat wide band and sharp cut-off
frequency characteristics without amplitude weighting of
sinX/X. Therefore, phase linear, flat wide band and low
loss filters by combining the down-chirp and up-chirp
unidirectional dispersive transducers (DUDIDT and
UUDIDT) are obtained as shown in Fig.2. The very thin
grating films with low propagation attenuations and large
impedance ratios are very important for unidirectional
DIDT. Therefore, the new grating TeO, films with the very
low SAW velocities are investigated.

Figure 3 shows the configuration of the super low
velocity film/piezoelectric substrate, where SAW



Fig.1 Unidirectional dispersive interdigital transducers
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Fig.3 Configuration of super low velocity film/piezo-
electric substrate

wavelength is A and the film thickness is H. From the
piezoelectric equations, the equation of motion and
Laplace's equation, we can obtain the wave equation. Also
the mechanical and electrical boundary conditions for the
boundary surface and for the thin film surface give the
boundary condition equations. We can obtain the Rayleigh
wave[2] and the leaky surface wave[3] solutions from the
two equations.

The electromechanical coefficients of SAW, k* are given
by

kK*=2(Vi— V) Ve (1)
where v velocity of open boundary, v ,: velocity of
short boundary.

The propagation characteristics of TeO, single crystals
are calculated by A.J.Slobodnik[4]. The velocity of Y-X

TeO, has the lowest velocity of 850m/s for Rayleigh waves.

Therefore, the TeO, thin films with super low velocities are
used as the large impedance ratio gratings. Experimental
results showed the TeO, films are amorphous from X-ray
diffraction measurements. The density of TeO, thin film is

measured by the thickness and the weigh of TeO, thin
films sputtered on LiNbOj; substrate under the conditions
shown in session 3 and elastic constants are determined by
the measured velocities and the impedance ratio of TeO,
film/LiNbO; substrates shown in session 3. These values
are as follows, density of p=4880kg/m’ and elastic
constants of 011=O.16X1011N/m2 and 044=O.O7><10“N/m2.
The propagation characteristics of SAW and leaky SAW on
amorphous TeO,/128°Y-X, TeO,/5°Y-X LiNbO; and
TeO,/36° Y-X LiTaO; using above values are investigated.

2.1 Calculation results of TeO,/128°Y-X LiNbO;

Figure 4 shows the calculation results of velocity and k>
vs H/\ for TeO,/128°Y-X LiNbO;[5]. The results show the
large velocity change of 150m/s for H/A=0.02, compared
with the SiO, thickness of H/A=0.1. The above values are
almost the same as those of TeO,/LiNbOs.

Figure 5 shows the impedance change of r=Ze/Zg (Ze:
with shorted thin film and Zg: without open thin film). The
ratio of 128 " Y-X LiNbO;3 with TeO, thin film gratings
gives the impedance ratio of r=0.96 at the thickness of H/
A =0.01, compared with the same ratio for SiO, grating of
H/A=0.03.
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Fig.4 Calculation results of velocity and k* vs H/A for
TeO, /128 °Y-X LiNbO;( A ;Experimental)
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Fig.5 Impedance ratio of r=Ze/Zg (Ze: with shorted thin
film and Zg: without open thin film).



2.2 Calculation results of TeO,/36° Y-X LiTaO;

Figure 6 shows the calculation results of velocity and k>
vs thickness of TeO, /36 °Y-X LiTaOs[6] vs H/A. The
results show the large velocity change of 80m/s for
H/A=0.02. Also the k* increases for H/A (k*=0.075 for
H/A=0.04, compared with k*=0.045 for H/A=0).

Figure 7 shows the impedance change of r=Ze¢/Zg. The
ratio of 36 ~ Y-X LiTaO; with TeO, thin film gratings gives
the large impedance ratio of =0.95 at the thickness of H/
1 =0.02.
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Fig.6 Calculation results of velocity and k? vs H/A for
TeO, /36 °Y-X LiTaO; (A ;Experimental)
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2.3 Calculation results of TeO,/5° Y-X LiNbO3

Figure 8 shows the calculation results of velocity and k>
vs thickness of TeO, /5 °Y-X LiNbO;[3,7] vs H/A. The
results show the large velocity change of 200m/s for
H/A=0.02. Also the k* increases for H/A (k*=0.29 for
H/A=0.02, compared with k’=0.24 for H/A=0.0).
Figure 9 shows the impedance change of r=Ze/Zg. The
ratio of 5~ Y-X LiNbOj; with TeO, thin film gratings gives
the large impedance ratio of r=0.81 at the thickness of H/
1 =0.02.
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2.4 Caluculation Results of Phase linear-Sharp Cut
Off+ Flat Wide Band and Low Loss Filters using
Dispersive Unidirectional Transducers

The frequency characteristics of phase linear, flat wide
band and low loss filters by combining the down-chirp and
up-chirp unidirectional dispersive transducers (DUDIDT
and UUDIDT) shown in Fig.2 are calculated.

Figure 10 shows the results of phase linear filters using

TeO, grating/128°Y-X LiNbO;, where N=100, electrode
thickness(Al) H/A=0.03, TeO, thickness H/A=0.02, W=20),
respectively. Also, in order to obtain sharper cut off
frequency characteristics, soft distance weighting [8] are
applied. The very low insertion loss of 0.2dB and flat wide
band of 10% and the very sharp cut-off characteristics are
obtained.
The insertion loss for long DUIDT with wide band
characteristics will be increased due to the propagation
attenuation on IDT. These are improved by dividing the
inline DUDIDT and UUDIDT into the M-parallel line
UDIDT as shown in Fig.11. In this case, propagation
attenuation are reduced to 1/M. Figure 12(a) and (b) show
the calculation results of in-line and 3-parallel filters using
DUDIDT and UUDIDT at the propagation attenuation of
0.01dB/A. Insertion loss are improved from 3.5 dB to 1.5
dB, at Nt=300.
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Fig.11 Configuration of dividing the inline DUDIDT and
UUDIDT into the M-parallel line UDIDT

3. Experimental Results of Unidirectional
Dispersive Filters

TeO, thin films are fabricated using RF-Magnetron
Sputtering Equipment. Sputtering conditions are as follows,
Target: Te-metal, Gas Composition by weight ratio: Ar:0,
(1:1), Sputtering Pressure: 1.0 Pa., RF power: 60W+60W,
Substrate Temp.: Without heating, Growth Rate: 1pm/h.
The measured velocities of TeO,/128° Y-X LiNbO; are
shown in Fig.4 by mark A from the measured velocity.
The elastic constants of amorphous thin TeO, films are
estimated from the measured velocity.

Figure 13 shows the experimental results of phase linear
filters using TeO, grating/128°Y-X LiNbO;, where N=50,
electrode thickness(Al) H/A=0.03, TeO2 thickness
H/A=0.03, W=20A, respectively. The minimum insertion
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Fig.12(a) Calculation results of in-line phase linear filters
using TeO0,/128°Y-X LiNbO;, where Nt=300,
electrode thickness(Al) H/A=0.03, TeO, thickness
H/A=0.02,  W=25)\, propagation atenuation
=0.01dB/ A with distance weighting[8]
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Fig.12(b) Calculation results of 3-parallel phase linear
filters using TeO,/128°Y-X LiNbO;, where
Nt=300(N; 2,3=100), electrode thickness(Al)
H/2=0.03, TeO, thickness H/A=0.02, W=25A,
propagation atenuation =0.01dB/ A with distance
weighting[ 8]

loss of about 0.6dB are obtained.

Figure 14 shows the experimental results of phase linear
filters using TeO, grating/128°Y-X LiNbO3, where N=100,
electrode thickness(Al) H/A=0.03, TeO, thickness
H/A=0.03, W=20A, respectively. The minimum insertion
loss of about 2.0 dB are obtained.

Figure 15 shows the experimental results of phase linear
filters using TeO, grating/128°Y-X LiNbO;, where N=150,
electrode thickness(Al) H/A=0.03, TeO, thickness
H/A=0.03, W=20A, respectively. The minimum insertion
loss of about 2.8 dB are obtained.



o

L
S

| |
8 B8
|
e

|
S
o

insertion loss [dB]

| |
(=23 (<)
o o

|
~
o

03 032 034 036 038 04
frequency [GHz]

042 0.44

Fig.13 Experimental result of UDIDT filter with phase
linear. Insertion loss of about 0.6dB at N=50.

insertion loss [dB]

03 032 034 036 038 04
frequency [GHz]

0.42 0.44

Fig.14 Experimental result of UDIDT filter with phase
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5. Conclusion

The propagation characteristics of TeO, grating/Rotated
Y-cut, X-propagating LiNbO; ,LiTaO; substrates with large
k2 and impedance ratio are theoretically investigated. The
large reflectivities are obtained by using the very low
velocity thin films of TeO,. The grating films are applied to
unidirectional  dispersive  transducers and filters.
Theoretical results showed the minimum insertion loss of
0.4dB.Experimental results showed the minimum insertion
loss of 0.6dB. We are now investigating higher frequency
filters and wide band filters with parallel connection UIDT.
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Abstract

Highly (103) oriented AIN films were successfully
sputtered in different nitrogen concentrations [Ny/(N,+Ar)
*100%] in this research. The dependence of the nitrogen
concentrations and the material characteristics of the films
(crystalline structure and micro morphology) were
investigated. The results showed that the X-ray diffraction
(XRD) intensity of the (103) peak increased as the nitrogen
concentrations decreased. The columnar grains of the (103)
oriented AIN films grew perpendicular to the substrate
surface and the surface morphology exhibited small (about
30-50 nm) dense uniform grains. The (103) AIN films at 50
% had the strongest diffraction intensity at the (103) peak, a
small full width at half maximum (FWHM) value (0.252°),
and a good N/Al atom composition ratio (0.92). The
theoretical bulk acoustic wave properties of (103) oriented
AIN films were also studied by solving the Christoffel
equation. The result showed that the (103) oriented AIN
films will excite two bulk acoustic wave modes. One is a
quasi longitudinal mode and the other is a quasi fast shear
mode. For the quasi longitudinal mode, the phase velocity is
10717 m/s and the piezoelectric coupling constant (K?) is 4
%. For the quasi fast shear mode, the phase velocity is 5957
m/s and the K* is 3.8%. The quasi fast shear acoustic mode
of the (103) oriented AIN films is suitable for application on
the FBAR liquid sensor.

KEYWORDS sputtering, AIN, (103) oriented, FBAR

I. INTRODUCTION

Recently, important efforts have been made in the
development of electro-acoustic resonators for sensing in
liquid media. Traditionally a film bulk acoustic wave
(FBAW) device based on AIN, films grown with perfect c-
axis orientation are sought in order to optimally excite a
longitudinal thickness mode [1]-[8]. It is not suitable to be
applied on liquid sensors. That is because a longitudinally
polarized wave resonator operated in a liquid medium
exhibits a significant acoustic leakage into the liquid and
hence results in a substantial loss of resolution [9]. For the
liquid sensor application, a resonator with a shear mode does
not produce any compressional motion into the liquid and
thus no energy leakage [10]-[13]. Different oriented
piezoelectric films will form the different vibration modes

880310211 @hotmail.com

and acoustic properties. Thus, a FBAW resonator can excited
a shear mode becomes very important.

Bjurstrom et al used a two-stage sputtering process to
deposit tilted AIN films to form a quasi (103) AIN texture
[14], [15]. The resulting film had a distinct tilted texture with
the mean tilt of the c-axis varying roughly in the interval 28
to 32 degrees over the wafer. Then they used the tilted AIN
films to make FBAR devices which successfully excited two
bulk acoustic wave modes (a quasi-longitudinal mode and a
quasi-shear mode simultaneously). The quasi-shear mode
was successfully applied to the FBAR liquid sensor. Film
uniformity is a main issue in the mass production yield and
lowing cost for FBAR devices. Unfortunately, the titled
sputtering method above seems to form non-uniformity films
on a wafer. Thus depositing the (103) oriented AIN films is
very important.

In this research, we successfully deposited highly (103)
oriented AIN films by the sputtering method and the
theoretical bulk acoustic wave (BAW) properties of (103)
oriented AIN films were also studied in detail.

II. EXPERIMENTAL PROCESS

AIN films were deposited by r.f. magnetron sputtering
from a water-cooled 3-inch diameter aluminum target
(99.99%) in argon/nitrogen gas mixtures. The purity of the
nitrogen gas was 99.9995% and that of the argon gas was
99.99%. The sputtering parameters are shown in Table I. The
crystalline structure and the crystallographic orientation of
the films were determined using a glancing incident angle X-
ray diffraction (XRD) instrument (PANalytical X’PERT
PRO). The power of the XRD (Cuka radiation) was fixed at
45 kV and 40 mA. The incident angle of the X-ray was fixed
at 0.5° and the XRD diffraction angles (20) ranged from 30°
to 80°. The crystal quality of the films was obtained from the
full width at half maximum (FWHM) of the XRD spectrum.
A scanning electron microscope (SEM) instrument (Hitachi-
4700) was used to observe the surface morphology and cross
section of the AIN films. The atom composition ratio (N/Al)
of the AIN films was determined by the energy dispersive the
X-ray spectroscopy (EDS) instrument (HORIBA). At a low
No/(Ny+Ar) ratio, the nitrogen deficiency occurred in AIN,
which was therefore sub-stoichiometric and lost long-range
order domains [16]. Therefore, the high nitrogen
concentrations (75%, 67%, 58% and 50%) are used to
depositing AIN films in this experiment.



III. RESULTS AND DISCUSSION

A. Structure analysis of (103) oriented AIN films

The X-ray examination of piezoelectric films has been a
major tool for determining the uniformity of crystalline
structure [17].The higher the degree of orientation of a
piezoelectric, the higher the electromechanical coupling
coefficient of the piezoelectric [18]. Fig. 1 shows the XRD
patterns of the AIN films as a function of the nitrogen
concentrations. Fig.1 shows the XRD patterns of the films
prepared at 75%, 67%, 58% and 50%. Those films all exhibit
only the (103) peak. The (103) AIN films prepared at 50%
has the strongest diffraction intensity of the (103) peak.
However, as the N,/(N,+Ar) ratio increased further, the
excessive nitrogen partial pressure made the sputtered atoms
less energetic, which in turn reduced the crystallinity and the
degree of (103) orientation. We further determines the
FWHM values of the (103) XRD peak at the different
nitrogen concentrations. The results are shown in Table II. It
is found the FWHM values of the (103) XRD peak decreased
(from 0.72° to 0.252°) as the nitrogen concentration
decreased (from 75% to 50%). Small FWHM value indicates
the highly oriented crystallites. Therefore, those films at 50
% are the best highly (103) oriented AIN crystalline
structures in this research.

One of the early indicators of a good piezoelectric film is
the quality of its color and its transparency. Optical “eyeing”
is an indicator of good or poor piezoelectric properties but it
is not a quantitative measure. Those (103) AIN films
prepared in this research are all transparent. The SEM
analysis gives a more quantitative “eyeing” picture for
surface and sidewall microstructures. We further do the SEM
analysis of those films. Fig. 2 shows the surface morphology
of the films. In the nitrogen concentration region (75%-50%),
the surface morphology of the (103) AIN films look very
alike. The photographs exhibited the grains are small (about
30-50 nm) dense uniform grains. We also analyze the
composition of the films by EDS. The results are shown in
Table I1I. As the nitrogen concentrations decrease (from 75%
to 50%), the N/AI atom ratio increase (from 0.72 to 0.92). It
is found the higher the degree of (103) orientation, the
smaller FWHM value and the higher N/Al atom ratio. The
degree of the preferred orientation was a key material
parameter and the other material parameters, the FWHM
value and the atom composition ratio, were related to the
degrees of preferred orientation. The (103) AIN films at 50
% have the strongest diffraction intensity of the (103) peak,
the smallest FWHM value (0.252°) and the best N/Al atom
composition ratio (0.92). The SEM cross sections of the (103)
AIN films are shown in Fig. 3. It is found the columnar
grains of the (103) AIN films are perpendicular to the
substrate surface. The film thicknesses at the nitrogen
concentrations (75%-50%) are almost the same (about 1.25
um). As the nitrogen concentrations decrease, the film
thicknesses increase slightly.

B. Bulk acoustic wave properties of (002) and
(103) oriented AIN films

The three-dimensional wave equation was generally
referred to as the Christoffel equation [19]. It admitted three
solutions, the properties of which were determined by the
relation of the propagation direction to the stiffness matrix.
The Christoffel equation and Christoffel matrix (I") were

2 2
kv, =po’y; (1)
I = liKCKLle 2

The Christoffel matrix for a piezoelectrically stiffened
crystal (I'") was
[eKllj][lieiL]

S
lisijlj

L =l (Cy + ) 3)

Where v; and v; were the particle velocity; l; and 1
were the propagation direction matrix; 1, and 1 j were the

propagation direction; €, and €, were the piezoelectric
s
1] >
the permittivity matrix, the wave number, the angle
frequency, and the mass density, respectively.

matrix; Cy; , € k, o, and p were the stiffness matrix,

Christoffel matrix was 3x3 with elements that depend
only on the propagation direction of the wave and stiffness
constants of the crystal. The material constants [20] of the
AIN are shown in Table IV. Using the AIN material
constants and the propagation direction, we could get the
Christoffel matrix by (3). Solving the Christoffel matrix
involved solving an eigenvalue problem; the eigenvalues
were three real positive numbers that were simply the three
phase velocities of the possible propagating waves.

A piezoelectric coupling constant (K?) can be derived by
this equation [19].
1
A =Va(1+K2)A )

Where V; and v, were stiffened and unstiffened phase
velocity.

For an (002) oriented AIN films, the wave propagation
direction is 1= a,l, +§ly1y +a,l =a, , and the
Christoffel matrix of (002) oriented AIN films (Fo'oz) was
given by (3).

o = 0 ¢y 0




From solving the Christoffel matrix of (002) oriented, we
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obtain the eigenvalues: {C,,,C,,,Cs; +—>} and the

{[100],[010],[001]}

Therefore, the pure longitudinal mode correspond to the
2

eigenvalue ( Cyy + 22 ) thus has the phase velocity

corresponding  eigenvectors:

C
same velocities ( Ii ). The K? value is given by (4). The
P
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C33€33

values of the two pure shear modes is zero. We further use

the material constants of the AIN in Table IV and get the

following results.

K? value of the pure longitudinal mode is

The phase velocities and piezoelectric coupling constant
(K?) of the (002) oriented AIN films are:

pure longitudiml mode:
velocity: 10931 (m/s)
K*:6.245%
pure shear mode:
velocity: 5796 (m/s)
K*: 0%
The K? value of the pure shear mode is zero. Therefore,

the (002) oriented AIN only provide a pure longitudinal
mode, where the velocity is 10931 m/s and the K* is 6.245%.

For the (103) oriented AIN films, the wave propagation

direction is Iz—ﬁxl + a,l . The Christoffel

3
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matrix of (103) oriented AIN films (I7); ) is given by (3).
1—‘1’03(1 1) 0 1—‘1’03(13)
F1'03 = 0 rl’03(22) 0
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From solving the Christoffel matrix of (103) oriented, we
obtain the eigenvalues: {E,E,,E;}, and the corresponding

eigenvectors: {[0.201],[010],{100.2]}. Therefore, the quasi
longitudinal mode correspond to the eigenvalue E; has the

phase velocity .|—- . The phase velocities of the pure slow
p

shear mode and the quasi fast shear mode are |—=
p

E
and /—3 respectively.
p
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The K* value is derived by (4). We further use the
material constants of the AIN in Table IV and get the
following results.

The velocities and piezoelectric coupling constant (K?) of
the (103) oriented AIN films are:



quasi longitudiral mode:
velocity: 10717 (m/s)
K*: 4%

pure slow shear mode :
velocity : 5777 (m/s)
K*:0%

quasi fast shear mode:
velocity : 5957 (m/s)
K*:3.8%

The K? of the pure slow shear mode is zero. Therefore,
the (103) oriented AIN films provide a quasi longitudinal
mode and a quasi fast shear mode. The acoustic properties of
the quasi longitudinal mode are the velocity (10717 m/s) and
the K? value (4 %). The acoustic properties of the quasi fast
shear mode are the velocity (5957 m/s) and the K* value
(3.8%).

IV.CONCLUSIONS

The (103) oriented AIN films are successfully prepared
on the silicon substrate by r.f. magnetron sputtering. It
exhibits the XRD intensity of the (103) peak increase as the
nitrogen concentrations decrease. The columnar grains of the
(103) oriented AIN films grow perpendicular to the substrate
surface and the surface morphology exhibited the small
(about 30-50 nm) dense uniform grains. It is found the higher
the degree of (103) orientation, the smaller FWHM value and
the higher N/AI atom ratio. These material parameters are all
inter-related. The (103) AIN films at 50 % has the strongest
diffraction intensity of the (103) peak, the smallest FWHM
value (0.252°) and the best N/AIl atom composition ratio
(0.92).

The theoretical bulk acoustic wave properties of (103)
oriented AIN films are also studied in this research. It is
found the (103) oriented AIN films could provide a quasi
longitudinal mode and a quasi fast shear mode. The acoustic
properties of the quasi longitudinal mode are the velocity
(10717 m/s) and the K* value (4 %). The acoustic properties
of the quasi fast shear mode are the velocity (5957 m/s) and
the K* value (3.8%).
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Table I Sputtering conditions in the experiment

Table III The atom composition ratio (N/Al) of the AIN

thin films deposited in different nitrogen concentrations

nitrogen concentrations N/AI (%)
75% 0.72
67% 0.81
58% 0.87
50% 0.92

Table IV Material constants of the AIN

Target Aluminum (99.99%)
Substrate Silicon

Gas1 N (99.9995%)

Gas 2 Ar (99.99%)
Target-substrate distance  5-10 cm

Base pressure 10° Torr

Sputtering pressure 3~7m Torr

RF power 150~350 W
Substrate temperature 100~300

Nitrogen concentration
(N2/No+A)*100%
Total flow rate
Sputtering time

50%, 58 %, 67 %, 75 %

12 sccm
120 min

Table II The full width at half maximum of the AIN thin
films deposited in different nitrogen concentrations

nitrogen concentrations

FWHM (degrees)

75% 0.72

67% 0.443
58% 0.288
50% 0.252

Density (kg/m’) p 3512
Elastic stiffness Ci1 345
(G Pa) Ci2 125
Ci3 120
C33 395
Cag4 118
Ceo6 110
Piezoelectric els -0.48
stress constant e _0.45
(C/m®) es3 1.55
Dielectric €)1 9
permittivity (&) €3 11
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Fig.1 The XRD patterns of the AIN thin films deposited in
different nitrogen concentrations (a) 75% (b) 67% (c) 58% (d)
50%
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Fig.2 The SEM surface morphology of the AIN thin films
deposited in different nitrogen concentrations (a) 75% (b)
67% (c) 58% (d) 50%
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Fig.3 The SEM cross section of the (103) oriented AIN films
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Abstract UNCD thin films possess very fine grains
(~5-10 nm) and smooth surface (rms~10 nm)
characteristics, which makes these films very promising
for the applications in a device requiring smooth surface,
such as surface acoustic wave devices. However, in
order to deposit uniform and continuous diamond films
at low substrate temperature, creation of nucleation
centers is foremost step. In this study, various substrate
pretreatment methods are employed for enhancing the
formation of continuous and high nucleation density
ultranano-crystalline diamond (UNCD) films. How the
deposition parameters modify the growth behavior of
the films will also be investigated. The results showed
that the surface morphologies and other properties of
these UNCD films are corrdlated intimately with
pretreatment methods, although al the UNCD films
have shown almost similar grain size and Raman spectra.
Nucleation density as high as ~10™ cm™ is grown from
these applied pretreatment techniques. Moreover,
maintaining ultra small grains size during the growth
stage of diamond films is crucia in order to achieve
very smooth surface for the films. For this purpose,
Ar-plasma was utilized instead of commonly used
H,-plasma, to induce the G-radicals from the methane.
All the processing parameters markedly affect the
growth rate for the UNCD films. This investigation
indicates that the key parameters are ratio of C," and H*
radicals and substrate temperature.

I. Introduction

The unique combination of physical and chemical
properties of diamond film has drawn more attention
among researcher to use diamond in many applications.
However, the high roughness of microcrystaline
diamond films made them inapplicable in specific
applications. In the recent past, very smooth
ultrananocrystalline diamond (UNCD) films deposited
by CH,/Ar mixture have been etablished. The detail
mechanism for the formation of UNCD from CH,/Ar
plasma has been reported [1, 2]. Recent application of
nano-diamond films in bio-sensors [3], filed emission [4,
5] and bio-medical application [6] have shown the
promising future of this nano-material. The adhesion of
thin film to the substrates is very criticad for the
performance of MEMS and IC devices. Smooth and
good adhesion properties are especidly important to
grow thick diamond films normally required for
application like SAW[7] and MEMS devices|[§].

The substrate pretreatment process strongly affects
the nucleation and growth process of diamond films,
which determines the deposition rate, crystal quality,
surface roughness and film-to-substrate adhesion. There
are many methods for effectively forming the diamond
nuclek on smooth S substrates, including
ultrasonication[9], carbide-metal addition[10],
pre-carburized[11], and bias-enhanced-nucleation
(BEN) method[12,13]. However, how does these
processes dter the film-to-substrate adhesion is still not
well understood. The main objective of the present work
is to systematically investigate the relationship between
nucleation pretreatment methods and growth condition
with UNCD film characteristics, such as smoothness,
film to substrate adhesion, bonding structure and
deposition rate.

I1. Experimental

In this study, four pre-nucleation techniques
were used for forming diamond nuclei, which, in turn,
is used for growing UNCD films. The Si-substrates
were either (i) ultrasonicated with diamond powder

solution, designated as  U-substrates;, (i)
ultrasonicated with diamond-&-Ti mixed powder
solution, designated as U-m subdrates, (iii)

pre-carburized with CH,/Ar plasma and then
ultrasonicated with diamond powder solution,
designated as PC-U-subdgtrates; (iv) bias-enhanced
nucleation process, designated as BEN-substrates.
The UNCD films were grown in a IPLAS
CRYNNUS 2.45 GHz microwave plasma enhanced
chemica vapor deposition (MPECVD) system with
the same deposition parameters.

Table | presents the detail experimenta
deposition conditions used for UNCD growth for
investigating the growth stage behavior. The chamber
pressure, CH4/Ar ratio, temperature and microwave
power were varied in series -P, -C, -T and -MW,
respectively, keeping rest of the parameters constant.
Surface morphology of samples was examined with a
field emission scanning electron microscope (JEOL
6010). Surface topography and roughness was
measured with atomic force microscope (PARK).The
adhesion between UNCD and Si substrate was
determined by a ramping-load scratch test using
nanoindenter instrument equipped with a nanoscratch
capability (MTS, USA). Crysta quality of UNCD
films was investigated by Raman spectroscope using
514 nm argon laser beam (Renishaw).



[11. Results and discussion

Figure 1 shows the surface morphology of UNCD
films deposited after different nucleation methods,
indicating that all the UNCD films grown on the U, U-m,
PC-U and BEN subdrates are rather uniform.
Nucleation density of UNCD, which is determined by
density of UNCD clusters, varies with pretreatment
methods, and is ~5x10%cnf for Usubstrates, ~5x10°
grains/em’ for U-m substrates, ~1x10™ graing/cm?® for
PC-U substrates, and ~1x10° graingen® for
BEN-substrates. The PC-U and BEN substrates are fully
covered by UNCD, forming a continuous film, whereas
the U and Um substrates are not fully covered by the
UNCD. There are ill some uncovered regions. The
surface roughness for UNCD/U-Si films (57.75 nm-rms)
is one order of magnitude larger than other UNCD films,
which is, presumably due to lower nucleation density
and incomplete substrate coverage of diamond grains for
the U-Si substrates. As to the two films grown on high
nucleation density substrates and were fully covered by
diamond grains, the UNCD/PC-U and UNCD/BEN
films, the surface roughness is 6.61 nm (rms) and 10.65
nm (rms), respectively. The rougher surface for UNCD/
BEN-S films is closely correlated with the smaller
nucleation density and the formation of cauliflower
morphology of the UNCD/BEN-Si films. All the UNCD
films possess similar granular structure, containing
grains with a size less than 10 nm, regardiess of the
pre-nucleation techniques used.

The diamond-to-substrate adhesion also changes
pronouncedly due to these pre-nucleation processes,
which will be discussed shortly. Figure 2(a8) represents
the typical dliding wear tracks on UNCD films resulted
by nano-scratching testing procedures. It shows a clear
critical point, where the UNCD films start to delaminate
from substrate. Figure 2(b) shows the penetration
profiles of ramping load nano-scratch surface for UNCD
films grown on substrates pretreated by different
nucleation methods, where he surface penetration is
plotted as a function of the applied load. During the
nano-scratching test, the Berkovich tip gradualy
penetrated through the UNCD films due to the linearly
increasing load. The profile drops suddenly when the
films delaminate from the substrate. The load a which
the Berkovich tip suddenly drops is designated as
critical loads (Lc).

The UNCD/U substrate films show poor
film-to-substrate adhesion, which is apparently due to
the low nucleation density and incomplete coverage of
the UNCD films over the substrate The
UNCD/BEN-substrate films (67 mN) show the best
film-to-substrate adhesion, with the critical loads about
3 times as large as that for UNCD/U-m (24 mN) and
UNCD/PC-U (22 mN) films. The man factor
influencing the adhesion behavior of the UNCD films is
apparently the bonding strength between UNCD and Si
substrate. In BEN process, the carbon species were
accelerated, possessing high kinetic energy and easily
form covaent bonding, SIiC, when bombarding the

Si-substrates, which has been proved in many literatures
[14, 15]. The UNCD-to-Si substrate adhesion is thus
greatly enhanced. In contrast, in al the other
ultrasonication process, the kinetic energy of the
powders is relatively low and the bombardment damage
on the Si-substrate is relatively mild. An amorphous
carbon film was formed prior to the formation of
diamond nuclei. The UNCD-to-Si substrate adhesion is
thus inherently low.

Figure 3 (8 shows the effect of various parameters
on the deposition rate of UNCD. The growth rate of
UNCD film was found to depend on microwave power
(series-MW), chamber pressure (series-P), CHy-Ar ratio
(series-C) and substrate temperature (series-T). Optical
emission spectroscopy (OES) is used to investigate the
relationship between deposition parameters and plasma
conditions, and use the ratio of the strongest C2 peak
(516.5 nm) and H, peak (656.3 nm) as a probe to
monitor the plasma condition, shown in Fig. 3 (b). Both
of deposition rate and C2/H, ratio keep constant at low
microwave region and decrease a high microwave
region, and aso increase with chamber pressure and
CH;-Ar ratio. The primary correlation between plasma
condition and deposition rate is C2 species ratio which
could be controlled by deposition parameters.

UNCD film was grown at a deposition rate of ~1
mm/h with following combination of parameters: 780 W
microwave pow er, 150 torr pressure, 850°C temperature
and 1 % methane to argon ratio. Figure 4 shows typica
SEM image of thus obtained UNCD films and damond
grains of size less than 10 nm had been grown under
above described deposition conditions. The surface
roughness of UNCD films was similar under varied
deposition conditions. Figure 5 shows Raman spectra of
UNCD films which were deposited on silicon at different
experimental conditions. These Raman spectra were
found very similar to previously reported literatures [9,
16]. There are four main peaks normally observed at
around 1140 cm*, 1350 cm*, 1480 cm™ and 1580 cm™*
in visible Raman spectra of UNCD films. The broad
peak at 1350 cm™ and 1580 cm* are commonly termed
as D-band and G band, respectively. The peaks at 1140
cm™ and 1480 cm* were assigned to trans-polyacetylene
segments [17, 18] presented at the grain boundaries and
surfaces of nano-diamond films. In our study, the peak
height of 1140 cm* and 1480 cm* suggested the increase
in trans-polyacetylne percentage with substrate
temperature (series-T). Raman spectra of series-P, -C
and -MW samples were aimost the same indicating not
much changed in crystallinity of UNCD films by varying
pressure, CH,/Ar ratio and microwave power.

V. Conclusion

UNCD films with grain size less than 10 nm was
grown on Si-substrate pretreated by four different
techniques. Nucleation density between 10°~10™
grains/cm’ was obtained, which depend on different
pre-treated process. AFM study revealed that the PC-U
process results in the best surface smoothness for
UNCD films (rms 6.61 nm) due to high nucleation



density. The nano-scratch examination indicates that the
high as 67 mN, which is about 3 times larger than other
UNCD films grown on ultrasonication pretreated
Si-substrates. Naturally smooth UNCD films with
similar surface morphology and bonding structurecould
be prepared with wide deposition window. UNCD
deposition rate and quality could be controlled by
plasma conditions, especially C2 ratio and substrate
temperature.
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Table |: Experimental deposition conditions for UNCD growth on BEN silicon surface.

Materials Pressure(Torr) CHJ/Ar Ratio (%) Temperature (°C) MW Power (W)
SeriesP 100~150 1% 400 1200
SeriesC 150 05~2% 400 1200
SeriesT 150 1% 400 ~ 600 750
SeriesMW 150 1% 600 600 ~ 1200

BEN O o TR
(10" fem?} _JEEs 4 | et dem)

(=5m10% Jom®)

Fig 1. SEM and AFM micrographs of UNCD films
grown on silicon substrates, which were pretreated by
four different nucleation techniques, (8 U:
ultrasonicated with diamond powder solution, rms ~
57.75 nm; (b) U-m ultrasonicated with diamond/Ti
mixed powder solution, rms ~ 9.12 nm; (c) PC-U:
pre-carburized and then ultrasonicated with diamond
powder solution, rms ~ 661 nm; (d) BEN:
bias-enhanced nucleation process, rms ~ 10.25 nm.
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Fig. 2. (a) The micrograph showing the typical damaged
image after nano-indentor tip scratching of UNCD films
grownon silicon substrate and (b) the penetration curves
of the nano-indentor tip scratching along UNCD films,
where (i) U: ultrasonicated with diamond powder
solution; (ii) U-m: ultrasonicated with diamond-&-Ti
mixed powder solution; (iii) PC-U: pre-carburized and
then ultrasonicated with diamond powder solution; (iv)
BEN: bias-enhanced nucleation process).

Fig. 4. FE-SEM
deposition condition of 750 W microwave power, 150
torr total pressure, total flow of 200 sccm Ar-CH,
(CHs;-1 %) and substrate temperature 850 °C in 3 h
deposition period. Inset shows a cross-sectional view.
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Fig. 5. Visible Raman spectra for UNCD films obtained
under different experimental conditions.



A MEMS Vacuum Tube Resonator with
Field-Emission Type Pick-up Mechanism

Winston Sun, Kiyotaka Yamashita, Benoit Charlot, Hiroyuki Fujita, and Hiroshi Toshiyoshi

Abstract—In this paper we propose a new method for detecting
nanometric oscillation that is compatible with RF-MEMS (radio
frequency-micro electro mechanical system) band-pass filter
applications. A silicon microfabricated oscillator (resonator) has
been designed to have a pair of sharp tips made of single
crystalline silicon located with a few microns gap. A DC voltage
(~ 240 V) was applied to the gap to cause the field-emission (FE)
current (~ 100 nA) through the vacuum (2 x 10™® Torr) between
the tip. The FE current through the vacuum is electrostatically
modulated by the mechanical oscillation of the electrically biased
modulator, such that the amplitude o of oscillation can be known
by the modulation of the sensed FE current.

Index Terms—MEMS, resonator, oscillator, field emission

I. INTRODUCTION

CONVENTIONAL radio-frequency microelectromechanical
system (RF-MEMS) mechanical filters and recently
developed devices utilize capacitive coupling for both
excitation and detection of nanometric oscillation [1-4].
However, the capacitance diminishes fast when the device size
decreases from several hundreds micron scale to a micron,
which makes signal detection difficult. Besides, direct
capacitive coupling often associates with mismatching issues
and stray capacitance of electrical interconnection, and it also
suffers from small fan out.

Recent vacuum microelectronics achievements [5,6] have
opened up the room for more application opportunities based
on the field-emission (FE) effect. Micro- or nanomechanical
resonators have the advantages of generally high quality factor
(Q-factor), compatibility with batch fabrication capability, and
well-established semiconductor microfabrication processes.
As device dimensions such as tip radii and anode-cathode gap
decrease, the field-emission current increases even with a
given constant bias voltages. This work investigates the
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possibilities of signal detection by integrating the
field-emission tips in a MEMS resonator device by using only
one photolithography step for simple fabrication processes.

II. FIELD EMISSION MODULATOR MECHANISM

The conceptual operation principle for the field-emission
resonator MEMS is illustrated in Figure 1 (a). In between the
sharp tips, an electrically biased silicon micromachined
resonator is located along the field-emission current path,
which is intervened by the resonator; the FE current in
vacuum is transmitted straight to the opposing tip when no
electromechanical interference exists. On the other hand, the
current is spatially modulated when the electrically biased
oscillator is brought into close vicinity to the path.
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Figure 1  Conceptual drawing of the proposed MEMS
resonator with field emission oscillation mechanism that
works as a band-pass filter. (a) Parameters m, fy, and k are the
resonator mass, modulation frequency (= resonant frequency),
and elastic constant of the resonator suspension, respectively.
(b) Illustration of the electrical wiring for the MEMS resonator



device. Parameters v., v,, and v, are the voltages applied to the
cathode, anode, and the gate, respectively. Parameters vi,, v
are the sinusoidal input and constant bias voltages for the
resonator, respectively. Parameters ipg, is the output
field-emission current.

The electrons that pass the fixed screening aperture gates are
finally detected by the anode, by which a signal component of
a particular frequency is band-pass filtered. The higher the
level of vacuum we would make, the easier it is for the field
emission to be excited. Thanks to the reduced air damping
effect, the micro resonator can be oscillated at a larger Q
factor.

For a wireless application, for instance, frequency signal
picked up by the antenna is pre-processed and fed into the
driving electrode for the micromechanical resonator. The
objective of this work is to correlate the information carried by
the FE current and the dynamic characteristics of the MEMS
resonator. The electrical connections needed to operate the
MEMS resonator are illustrated in Figure 1 (b); the MEMS
resonator is implemented as a micromechanical bridge with a
movable tip driven by the electrostatic coupling. The four tips
are arranged in a cross that is different from the conceptual
drawing in Figure 1 (a); such tips and small gap could be
made by the silicon micromachining technique, as discussed in
the following section.

1II. MEMS FABRICATION

The fabrication process for the MEMS resonator is illustrated
in Figure 2. In Fig. 2 (a), we started the process with a
silicon-on-insulator (SOI) wafer with an active silicon layer of
10 microns, buried oxide of 2 microns, and a silicon handle
wafer of 625 microns. After oxidizing the silicon surface and
patterning the oxide mask, the mask patterns were transferred
to the device layer by using the silicon deep reactive ion
etching (DRIE) process as shown in Fig. 2 (b). In Fig. 2 (c),
the tips were sharpened by the anisotropic wet etching of
silicon in a 15% tetramethyl ammonium hydroxide (TMAH)
solution at 60 degree C. Under the protection of the oxide
mask, the THAM anisotropic etching from the silicon
sidewalls caused the beam cross sections to be come
trapezoidal or even triangular shape. Once TMAH etching
was adequate to separate these narrow connecting beams, the
oxide mask could be removed in a buffered hydrofluoric
(BHF) acid solution. More timed THAM etching to further
sharpen the tips might be necessary.

As the electrical leakage current was related to the surface
conditions at the interface between the BOX layer and the
handle layer, the timed partial BOX removal in Fig. 2 (d)
sometimes was a critical step. At the current stage, the exact
mechanism of the leakage remains unclear to us. For the
MEMS resonator device that contains a resonator, we used
vapor-phase hydrofluoric acid (VHF) etching to prevent the
movable components from sticking to the substrate by the
surface tension force of liquid [8]. The etching time must be
adequate to sacrificially release the MEMS resonator but must

not too long to completely remove the exposed BOX layer [7].

The processed chips were then placed under the optical
microscope on a probe station. The microactuators were
mechanically displaced by using a micromanipulated probe to
determine if the movable parts were fully released without
stiction. Once successful release was observed, the chip was
then wire-bonded onto a ceramic chip holder.  After
connecting a device to a function generator, mechanically
oscillation at the resonator tip was visually observed. In our
current prototype devices, the resonators were designed to be
large enough for visual observation to make it easy for us to
correlate the mechanical motion with the FE current
modulation.
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Figure 2. The fabrication process illustrates how the sharp
anode-cathode tips of the RE device are formed. The same
process can also be used on the SR device except that the
vapor HF etching is optional. (a) The process begins with
transferring the mask pattern to the front-side of an oxidized
SOI wafer. (b) With the protection of an oxide mask, TMAH
etching shapes the precursor tips. (¢) Oxide mask removal and
further TMAH etch separate and sharpen the tips. (d) Partial
vapor HF etch appears to help reduce leakage current. Exact
reason for such behavior is not fully understood

1V. FIELD-EMISSION DETECTION EXPERIMENT

The experimental setup includes a semiconductor parameter
analyzer (SPA, Agilent E5263A) and the vacuum chamber
that provides the 2x10® Torr (2.7x10° Pa) vacuum
environment. The current flow through the anode channel i,
and the cathode channel i, can be measured simultaneously by
the SPA. A multichannel electrical interface is used to
provide the vacuum chamber. In our experiment, one output
channel of the SPA provides a constant positive anode voltage
va, Which is equipoential to the gate voltage v,, and the other
output channel sweeps a negative cathode voltage v., while the
SPA simultaneously captures the electrical current variation
along the circuit in the nano Ampere range. The general
purpose interface bus (GPIB) input/output (I/O) interface of
the SPA is connected througha GPIB-universal serious bus
(USB) conversion module to a personal computer (PC) with
the LabView software. An interface program was written for
control and data acquisition.

V. RESULTS AND DISCUSSION

The field-emission phenomenon can be mathematically
described by the governing Fowler-Nordheim (FN) equation
show in Equation (1). It expresses the FE current density J as
a function of the external electric field / and the material work
function ¢ (~4.5 eV for bare silicon) [5, 9],

~6.83x10 "’3/2{0.95 - (3'79 x10“F
F )

In Equation (1), the units of the FE current density J and the

external electric field F are A cm™ and V cm™, respectively.

The FE current irg can be expressed in terms of J and the

effective FE tip area « as follows:

i =al. (2)
The relation between F and the electric field coefficient g and
the anode-cathode potential difference v,. is shown as follows:

F=[3"va—vc‘=ﬁvac (3)
For our MEMS resonator, the values of a and 3 are estimated
to be 8.9x10™* cm® and 6.4x10° cm™, respectively. By
combining and rearranging Equations (1), (2), and (3), the
field-emission current can be written in terms of the
anode-cathode potential difference v,, effective tip area of ,
electric field coeffcient B, and work function ¢ as follows:

B sop’ (104 644x107¢*7 )| , 4
J—{1.42x10 ) exp( \/E 7/3\)“ Vie-

o

2
J=154x10°-L exp
1.1¢

After tailoring the MEMS resonator design and fabrication
conditions, the anode-cathode gap was reduced to 3 microns,
and the FE current was measured to be over 90 nA at a bias
voltage of 240 V, as shown in Fig. 4 (a). The values of a and
P were estimated by using a fitting curve to Equation (4), and
we found « and B to be 1.1x10"° cm® and 5.8x10° cm™,
respectively. A corresponding FN plot is shown in Fig. 4 (b).
Our recent experiment (now shown in this paper) shows
further improvement of FE current after coating the silicon
tips with metal of lower work functions, such as molybdenum
and yttrium.

VI. CONCLUSION AND OUTLOOK

MEMS resonator with field-emission current detection
mechanism has been designed and developed. The FE current
was clearly observed in high vacuum. MEMS resonators of
higher resonant frequencies (MHz range) are under
development by using the Lame resonator design. Devices
working with lower bias voltages (~10 V) are developed
separately by using a shorter cathode-anode gap. To our
interest, FE current at low vacuum level was also observed
thanks to the small anode-cathode distance compared with the
mean free path of the electrons. This suggests a potential of
device-level vacuum packaging rather than using a bulky
vacuum system, leading to a compatibility with mobile
electronics.

1.
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™ Resonator
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Figure 3 SEM picture of the MEMS resonator. (a) The entire
view of the resonator and the field-emission tips. The actuator
tip is electrostatically modulated by using the mechanism of
parallel-plate electrodes. (b) A close up view of the field
emission tips.
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Figure 4 I-V curve of the FE current from the MEMS
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produces closer gap of 3 microns and sharper tips, which
result in larger FE current. At a 240 V anode-cathode potential
difference, FE current is measured to be about 94.03 nA. (b)
FN plot of the RE device.
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[.  INTRODUCTION

Miniaturized atomic freguency-references that use
lamp-pumped akali-vapor cells and external microwave
fields to probe clock transitions while retaining stability at
long-term frequency that is typical of atomic standards (~
10-11 @ 1 second for 1 day) have recently become
commercialy available. However, their size (>100 cm’)
and power dissipation (>5 W) are insufficient to fulfill the
demands of applications such as global-positioning
system receivers and in-field telecommunication devices.
They require compactness, low cost, low power
consumption, high-frequency stability, and robustness,

none of which can be met with atomic beams or fountains.

Coherent population trapping (CPT), which was
discovered more than thirty years ago by Alzetta et d. [1],
is a resonance phenomenon due to the quantum
mechanical interference effect in atomic systems that
cancels the absorption of a bichromatic light field [2].
These narrow features were recognized as possible
microwave-frequency references, such as laser cooling
below the one photon recoil limit and high-sensitivity
magnetometry [3,4]. CPT resonances for akali atoms can
be probed between long-lived ground states in an al-
optical way using two different laser wavelengths.

A vertica-cavity surface-emitting laser diode
(VCSEL) fundamentally only operates on one specific

longitudina laser-mode and can easily be fabricated as
part of a whole array of emitters [5,6]. Recent progress
with VCSEL has obtained high modulation bandwidths of
severa gigahertz and near-infrared wavelengths where
cesum and rubidium have their strongest D1 and D2
resonance lines (894, 852, 794 and 780 nm). These
characteristics can provide a bichromatic light field,
which is required for the CPT phenomenon, using the
direct modulation of a laser current; therefore, VCSELSs
are very suitable for compact frequency references and
magnetometers.

A program for chip-scale atomic clocks (CSACS)
using CPT was introduced in 2001 by the Nationa
Institute of Standards and Technology (NIST) for portable
applications and the program’s goals are listed.

. Volume < 1cn?

- Power dissipation < 30 mwW

. Fractional frequency instability < 10" @ 1hr
In addition, a cost of a CSAC is amed at less than US$ 10
by using a method of micro-electro-mechanica system
(MEMS) fabrication. Since the NIST program started,
much research on CSACs has been done. A summary of
CSACs based on CPT is introduced in this paper.



[l.  COHERENT POPULATION TRAPPING RESONANCE

CPT can occur in the L system shown in Fig. 1. The
two ground states (|1> and |[2>) are coupled to a common
excited state (|3>) viatwo light fields interacting with two
transitions (Wl and w2). If the difference frequency, Diys,
of the light fields matches the ground-state splitting, the
atoms are optically pumped into a coherent superposition
of the ground states, which no longer absorbs light (the
so-cdled “dark-resonance’). The listed Dy/2p and
wavelengths of the light field between ground and excited
states corresponding to w2 in rubidium and cesium alkali
atoms are shown in Table 1.

/\

A H
vdR\é/

Fig. 1 Three level L system in alkali-metal atoms.

Table 1 Wavelengths of light field between ground and
excited states and frequency differences between two ground
states.

Atom D1line D2line Ds/2p

Rb®> 3.0 GHz
795 780

Rb°’ nm nm 6.8 GHz

Cs 894nm 852nm 9.2 GHz

I1l.  EXPERIMENTAL CONFIGURATION
A VCSEL's injection current is modulated at half the
ground-state hyperfine splitting frequency of an akali
atom to prepare a bichromatic light field. The modulation
frequency in Cs is 46 GHz and the two first-order
sidebands are used to excite the resonance [3]. The
temperature of the VCSEL and DC drive current are

carefully controlled to keep the output laser frequency
constant. The linearly polarized output from the VCSEL
is sent through a quarter-wave plate to create circular
polarization and is attenuated by natural-density filters [7].
A cdl is placed inside a magnetic shield to reduce stray
magnetic fields and a longitudina magnetic field is
applied with coils to isolate the m=0 to m=0 transition
from the other m=0transitions [8]. The temperature of the
cell is dso sabilized to avoid light shifts and power
broadening in the dark line. The light transmitted through
the cell is detected with a photodiode. Figure 2 outlines
the system for measuring an atomic reference using the Cs
D2-line (Kitching et a. [7]).
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Fig. 2. Electronics and servo systems used to (a) lock
laser to absorption profile and (b) lock crystal oscillator to
dark-line resonance.  (Kitching et a., IEEE Trans.
Instrum. Meas., 49, 1313, 2000. [7] )

IV. MICROFABRICATED VAPOR CELLS

Conventional atomic vapor cells have been produced
with glass-blowing techniques using gas torches.
However, these methods of fabricating cells are not
feasible at sizes less than 1 cm. Liew et d. [9] developed
methods of fabricating millimeter-sized cesium vapor
cdls using silicon micromachining instead of glass
blowing technology. There is a photograph of a fabricated
micro Cscell in Fig. 3. Cells were heated and light from a
VCSEL (852 nm) was passed through them. The results
revedled typical cesum optical absorption consisting of



two resonances separated by 9.2 GHz, corresponding to
the two ground-state hyperfine levels. Cdlls fabricated
with this method have been applied to a state-of—the-art
micro-atomic-clock physics package[10].

Fig. 3. (8) Photograph of top cell showing cesiurr
inside. (b) Photograph of smaller cesium cell. (Liew et

a., Appl. Phys. Lett., 84, 2694, 2003. [9])

V. HIGH CONTRAST CPT RESONANCE

It is important that the CPT resonance line for atomic-
frequency references has large amplitude is narrow to
gan the signa-to-noise ratio of the resonance.
Experiments with the D2 line of Cs have shown that the
signa contrast is roughly 1%. The amplitude of CPT
resonance is inversdly proportiona to the number of the
excited-state hyperfine levels. According to Stahler et. al
[11], the excitation of ®Rb D1 transition results in both
narrower resonance and more resonance contrast than
with D2 transition, as plotted in Fig. 4 This method of
improving CPT contrast was applied to the ®’Rb-based
CSAC [12-13] to improve its long-term frequency
stability. The results obtained by Knappe et d. [13] are
plotted in Fig. 5. Long-term frequency stability was
sgnificantly improved with a novel method of filling
chip-scale alkali vapor cells and *Rb D1 transition.

An other method of increasing CPT contrast was
reported by Kargapoltsev et al. [14]. The amplitude of
nonlinear dark resonance excited on the D1 line with a
counter-propagating bichromatic s+ - s- field can be
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Fig. 4. CPT resonance for excitation on A, D1
transition and B, D2 transition with resonant laser
intensity of 160 MW/cn?. (Stahler et. al, Opt. Lett., 27,

1472, 2002.[10])
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Fig. 5. Output frequency of CPT clock, normalized ta
frequency of ground-state hyperfine splitting of alkali
atom, for Cs atoms excited on D, line CSAC (black), 8'Rb
atoms excited on D; line CSAC (light gray) and 8'Rb D,
line frequency reference based on cell fabricated with new

evaporative filling method (gray). (Knappe et al., Opt.
Lett., 30, 2351, 2005. [13] )

improved over the usual scheme of co-propagating
circularly polarized laser beams in small Cs cells having a
diameter of 2mm and a length 4mm. These results may be
important in applications such as highly miniaturized
atomic frequency references or magnetometers. Their
initial experiments confirm the theoretical predictions.



VI. CONCLUSION

CSACs based on CPT were briefly introduced.
Prototype state-of—the-art ultrasmall chip CSACs were
fabricated using MEMS technology and their
characteristics were improved. However, many problems
remain to be solved in commercial products, such as
power dissipation, down sizing, long lifetime, and the
accuracy and stability of frequency.
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AN ASSESSMENT OF THE RECENT DEVELOPMENT OF MEMS OSCILLATORS
AS COMPARED WITH CRYSTAL OSCILLATORS

C.S.LAM
TXC Corporation, Ping Cheng City, Taoyuan County, Taiwan

Abstract- Due to its high Q and temperature stable properties, for many years, quartz crystal based oscillators are
important clock sources in consumer, commercial, industrial, and military digital sub-modules and modules. The
demand for quartz crystal resonators and oscillators continues to rise. The unique fabrication and encapsulation
requirements though render quartz crystal resonators and oscillators difficult or close to impossible to be integrated
onto the mature silicon based IC platforms. The recent technical breakthroughs of MEMS (Micro Electro Mechanical
Systems) based resonators and oscillators seem to re-ignite the interest in displacing/replacing the quartz crystal
technology and to open up again the prospect in clock source integration.

This paper discusses and assesses, from the viewpoint of a quartz crystal manufacturer, such development and its
possible impact on the quartz crystal industry which also experiences major progresses in miniaturization, performance

enhancement, cost reduction, etc., in the past few years.

This paper is not to discredit the MEMS oscillator efforts but

to help the quartz crystal manufacturers to understand more about the efforts and advise them what they need to prepare

for.

Keywords: MEMS, quartz, resonator, crystal oscillator

1. Introduction

Due to its high Q and temperature stable properties,
for many years, quartz crystal based oscillators are
important clock sources in consumer, commercial,
industrial, and military digital sub-modules and
modules.!! The demand for quartz crystal resonators
and oscillators continues to rise. The unique
fabrication and encapsulation requirements though
render quartz crystal resonators and oscillators difficult
or close to impossible to be integrated onto the mature
silicon based IC platforms.

For a typical handset, four different piezoelectric
components are needed- RF SAW filter (~900 MHz to 2
GHz using LiTaO;3 or LiNbO;), IF SAW filter (~50 to
400 MHz wusing maintly quartz), and TCXO
(temperature-compensated crystal oscillator, ~10 to 30
MHz and quartz-based) in the RF section; and tuning
fork (32.768 KHz and quartz-based) for standby
clocking in the baseband section (Fig. 1).

Quite a few years ago the successful development of
direct conversion technology in transceiver chipsets
rendered IF SAW filter obsolete in many GSM handsets
(as in Fig. 1). Some GSM transceiver chipsets now
have the digitally-compensated crystal oscillator (DCXO)
circuit of the TCXO integrated on-chip.’). However, a
quartz crystal is still needed off-chip (Fig. 2). As the
handset market continues to grow, developing Micro
Electro Mechanical Systems (MEMS) components as
switches, filters, resonators/oscillators, etc. in the RF

section of handsets seems to be the logical route of the
final solution- integration (Fig. 3).

1.  Dual SAW Filter (Rx)-
Fcl = 942.5 MHz, +17.5 MHz
Fc2 =1842.5 MHz, +37.5 MHz
2. Seel
3. SAW Filter (Tx)- Fc = 897.5 MHz, £17.5 MHz
4. Crystal (Tuning Fork)- 32.768 KHz

5. TCXO-26 MHz

* No IF SAW Filters- Direct Conversion

Fig. 1 Piezoelectric Components in a Typical Dual Band GSM

Handset (GSM900 and DCS1800)
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Fig.2 GSM Transceiver Chipset with On-chip DCXO™

About 15 to 25 years ago, thin film resonators (TFRs)
were vigorously discussed and researched as they could



possibly be integrated onto the mature silicon based IC
platforms.”!
In 1994, HP research personnel presented the first report
on film bulk acoustic resonator (FBAR)!* and in 2001
Agilent announced the production of FBAR-based
duplexers. FBAR (also coined BAWR nowadays by
some), with its small size, silicon etching process and
sacrificial layer removal step, can be considered as a
MEMS component. As of now, FBAR-based duplexers
and filters have successfully replaced a small portion of
the rooted RF SAW duplexer/filter market but they still
have to be individually packaged- like the RF SAW
devices. Discrete RF SAW filter (and/or FBAR),
TCXO (or quartz crystal) and quartz tuning fork are still
the key off-chip piezoelectric components in handsets.
FBAR integration and the full scale MEMS integration
as in Fig. 3 are not likely to happen in the foreseeable
future.”!

Fig.3 Applications of MEMS in RF Section of Handsets"!

The recent technical breakthroughs of MEMS based
resonators and oscillators seem to re-ignite the interest in
displacing/replacing the quartz crystal technology and to
open up again the prospect in clock source integration.
This paper discusses and assesses, from the viewpoint of
a quartz crystal manufacturer, such development and its
possible impact on the quartz crystal industry which also
experiences major progresses in miniaturization,
performance enhancement, cost reduction, etc., in the
past few years. This paper is not to discredit the
MEMS oscillator efforts but to help the quartz crystal
manufacturers to understand more about the efforts and
advise them what they need to prepare for.

2. Silicon Solutions

Silicon clock oscillators are CMOS integrated
circuits without using ceramic resonators, quartz crystals

or other external components for frequency
determination. The author commented in 2003 on
such solution based on the Maxim’s
EconOscillator/Divider and  Micro Oscillator’s

MOI-2000 Oscillator (Fig. 4).”) One can easily note
that the frequency stability of these oscillators is 5,000 to

After that it came 5 years of a quiet period.

15,000 ppm and so their applications are somewhat
limited.

Linear Technology also offers a family of silicon
oscillators with stability ranging from 2,500 to 15,000
ppm.®  Recently, Mobius Microsystems announced the
offering of the “All-silicon Copernicus Clock with 2,500
ppm frequency stability over process, voltage, and
temperature.””)

Silicon Clock Oscillator Technology- I

Maxim's DS1065 EconOscillator/Divider (9/1998 and 5/2001)-

CMOS integrated circuit without using ceramic resonators, quartz
crystals or other external components for frequency determination.
Frequency range from 30 KHz to 100 MHz.

Current consumption is 1.8 mA at 4 MHz (5V).

BOTTOM

PIN DESCRIPTION
TO-92

Tolerance- 3 GND

£5 % set frequency (£ 50,000 ppm)
+3 % from 0 to 70 deg C. and voltage ( 30,000 ppm)

Advantages- Small size. Rugged. Integration. Can replace ceramic resonators and crystal ascillators
in microcontroller based systems that do not require precise accuracy.

Disadvantages- Priced at ~$1 and not competitive enough. High drift over temperature and
applications limited.

Silicon Clock Oscillator Technology- IT

Micro Oscillater, Inc.’s MOI-2000 clock oscillator (10/2003)-

CMOS integrated circuit without using ceramic resonaters, quartz
crystals or ather external components for frequency determination.
Frequency range from 2 to 20 MHz.

Current consumption is 0.7 mA (3.3V) and L.6mA (5V).

Total talerauce (set frequency, over temperature and voltage, and aging)-
+0.5 % from 0 to 70 deg C. (£ 5,000 ppm)

+1.0 % from —40 to 85 deg C. (+ 10,000 ppm)

+1.5 % from —40 to 150 deg C. ( + 15,000 ppm)

Advantages- Small size. Rugged. Can replace ceramic resonators and crystal oscillators in
microcontroller based systems that do not require precise accuracy.

Disadvantages- Priced at ~$0.5 and not competitive enough. High drift over temperature.

Fig. 4 Silicon Clock Oscillator Technology, I- Maxim’s
EconOscillator/Divider and II- Micro Oscillator’s MOI-2000""!

Silicon clock oscillators can be integrated onto other
silicon based IC platforms. One big advantage is their
ruggedness (suitable for high shock and vibration
applications) as there is no discrete mechanical resonant
element. Their biggest disadvantage is clearly their
poor frequency stability.

3.  Quartz Solutions

It is almost 80 years since the applications of
quartz crystals in telecommunication equipment first
appeared. Due to its high Q, unchallenged
frequency-temperature stability, low cost, technical
maturity, and widely commercial availability, quartz



crystal continues to be the choice, and sometimes the
only choice, in providing stable frequency sources in the
ever expanding digital world.

BAW-based (<MHz ~ 200 MHz) SAW-based (<50 MHz ~ 3 GHz)

Passives-

Tuning Fork and Resonator SAWR
MCF

SAWF
Oscillators-
(6] Cso
PCXO
VCXO (Voltage-Controlled) VCSO
TCXO (Temp. Compensated) TCSO?
OCXO (Oven-Controlled) 0Cs0o?

Timing Modules-

Clock Data Recovery (CDR)
Clock Smoother (CS) Clock Smoother (CS)
Frequency Translator (FX) Frequency Translator (FX)
STM STM

Clock Data Recovery (CDR)

Table I BAW (Crystal)- and SAW-based Passives,

Oscillators and Timing Modules

Powered by the fierce growth in wired and wireless
equipment, quartz crystal (Bulk Acoustic Wave based =
BAW-based) and its high frequency version SAW device
(Surface Acoustic Wave based) are being used widely
ranging from a simple passive resonator to a complex
synchronous timing module (STM) as show in Table 1.

Though unthinkable a few years ago, AT-cut quartz
crystal (resonator) as small as 2.5x2mm’ is now being
shipped in volume (Fig. 5).'”  Applications which need
even smaller quartz crystals (2x1.6 and 1.6x1mm?) are
expected to appear and quartz crystal manufacturers are
getting ready for them. Smaller than 5x3.2mm’ quartz
crystals need to be sealed in vacuum to retain impedance
integrity. Low MHz small size quartz crystal blanks
also need to be beveled (contoured) to sustain efficient
energy trapping.
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Fig. 5 Development of Quartz Crystals

As for the crystal oscillators, delivery of 2.5x2mm?’
CMOS fixed frequency clock crystal oscillators
(XOs/CXOs) is ramping up (Fig. 6) and quartz crystal
manufacturers are preparing the yet smaller 2x1.6mm?’
version.'"”  Oscillator IC suppliers also continue to
shrink the IC sizes and for the 2.5x2mm* CXO one can

still use wirebonding instead of flipchipping (Fig. 7).

CMOS programmable clock crystal oscillators (PCXOs)
are widely available in 7x5, 5x3.2 and 3.2x2mm? sizes.!""!
These oscillators have on-chip phase lock loops (PLLs)
with at least two dividers to allow programming to
almost any frequency within a working frequency range
(e.g. 2 to 200 MHz) based on a single low frequency
quartz crystal (e.g. 25 MHz). These oscillators are
attractive to designers as they can be quickly
programmed to the frequencies desired for development
purpose but they suffer from higher jitter which is
inherent to all PLL-based oscillators. CXOs with
differential LVPECL/LVDS output are also available in
14x9 and 7x5mm?’ platforms. Recently, one supplier
began to offer programmable LVPECL CXO.'"? The
frequency stability of the above quartz crystal, CXO and
PCXO is usually specified at less than 100, 50, 25 and
10 ppm dependent on the temperature range of
operation- significantly better than the all silicon
solutions.

16 m._14x9 CMOS/LVPECL/LYDS
14
12
E 10 7x5 CMOS/LVPECL/LVDS
g 8 -—
6 5 'l"' :I\J(\Q
’3 \! 3.2x2 .5 CMOS.
4 PCXOAlo W
2 IsTCvMos E—U——
0 w L 2x1.6in 07
10 8 6 4 2 0
Width (mm)

Fig. 6 Development of Crystal Oscillators

Fig. 7 2.5x2 mm* CMOS Crystal Oscillators''"!

To provide even better frequency stability,
temperature-compensated crystal oscillator (TCXO) is
available. AT-cut quartz crystal’s
frequency-temperature stability is cubic in nature. The
oscillator IC can have added voltage-frequency pulling
function to analogously or digitally compensate the
cubic frequency-temperature as depicted in Fig. 8. For
nowadays handset applications, a frequency stability of
better than 2.5 ppm TCXO is usually needed to provide
the accurate reference clock of frequency synthesizing
within the RF transceiver IC. For GPS equipment,
TCXO of less than 1 or 0.5 ppm is needed. In 2004, the
smallest TCXO available was 3.2x2.5mm? (Fig. 9).['"



Now it is 2.5x2mm>.
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Fig. 8 Temperature Compensation of Quartz Crystal for
TCXO Applications.

Overall, in the past few years, quartz crystal
manufacturers have done the what once thought was
impossible in shrinking the sizes of quartz crystal, CXO,
PCXO and TCXO to where we are and most important
of all, without sacrifying performance and cost.'*'"”!
Claims and threats to displace/replace quartz crystal
devices come and go. More and more quartz crystal
devices are shipped yearly and the average selling price
continues to drop.
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Fig. 9 Development of TCXO for Handset Applications till 2004

4. MEMS Solutions

Suggesting to use MEMS techniques to build the
resonant elements for oscillator applications is not
something new. The MEMS resonant elements are
usually micromachined on silicon and they come in the
shapes of combs, beams, discs, etc. For quartz crystal
resonators, the vibration is based on piezoelectric
excitation. For MEMS resonant element, it’s based on
electrostatic dynamics with “transducer gap” typical less
than 1 pm (Fig. 10).'%'""  Similar to the silicon clocks
discussed in Section 2, MEMS resonators are rugged as
they are small and integration is possible.

In 1998, Sandia National Laboratories announced
“Microscopic machines may replace quartz crystals,
Pollen-grain-sized parts soon in watches, TVs,

computers.”!"®  Based on the earlier MEMS works
funded by DARPA!"’!, Discera was established in 2001
with the mission “to become a global leader in CMOS
MEMS resonator technology and to offer a broad
portfolio of patented PureSilicon™ resonators whose
breakthrough technology is proven reliable and used to
create the industry’s most advanced and economical
Frequency Control and RF Circuits ..... Discera is the
trend setter in today’s multi-billion dollar timing industry,
displacing quartz crystal solutions with
systems-on-a-chip alternatives.”*")
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Fig. 10 Electrostatic Dynamics of Disc-Like MEMS Resonator''®!”!

In 2003, Discera offered the first MEMS oscillator
MRO-100 (3x3mm®) in 19.2 MHz for multiband
wireless transceiver application (Fig. 11). The resonant
element was a 30pm x8um? MEMS beam.

1. A packaged MRO-100 micro-oscillator is almost ost on
the face of a US penny.

Fig. 11 3x3mm” MEMS Oscillator™!

In 2003, Forman™®! commented “the challenge for
Discera is in convincing customers to abandon an
entrenched, known technology (quartz crystal
technology) in favor of something new- convincing them
to go with the devil they don't know.” In 2004, Discera
also demonstrated the first integrated 1.6 GHz tunable
oscillator, likely for the VCO (usually discrete LC-based)
of the local oscillator in wireless transceiver applications.



As of today, no detailed specifications of the above two
oscillators are available in the public domain and it’s
difficult to assess their acceptability in the commercial
market.

Based on the IP licensed through Bosch, SiTime was
established couple of years ago with the mission to
become “a fabless integrated circuit company developing
silicon timing, clock, and RF chips, which incorporate
MEMS timing reference devices inside standard silicon
electronic chips, eliminating the need for quartz
crystals.”®  The first products introduced were the
SiT8002 series programmable oscillators and the SiT1
series fixed frequency oscillators (likley programmed
from the SiT8002 series). The CMOS oscillators are
available in 7x5, 5x3.2, 3.2 and 2.5x2mm’ (Fig. 12)-
clearly targeting at the pin-to-pin compatible quartz
crystal oscillator market (Fig. 6).

Fig. 12 SiTime’s MEMS Oscillator®

The key success by SiTime over previous MEMS efforts
was that “the clean and high vacuum sealing technology
developed was able to minimize contamination and to
support low aging of the MEMS resonator.”*"  The
SiT8002 and SiT1 series oscillators started out with a
packaged 4-beam MEMS resonator (Fig. 13) wirebonded
onto a leadframe-supported oscillator IC, and the whole
assembly was then plastic-molded.

.
aS
ICF

N

Fig. 13 MEMS Resonator based on 4-Beam Structure!®!

Little information was available on the MEMS resonator
until SiTime announced the offering of it as a SiT0100
part (Fig. 14). The MEMS resonator operates at 5.1
MHz with 6-pad connection which is different from the
familiar 2-pad connection of a quartz crystal resonator.
The know-how in driving the MEMS resonator, Q and
resistance values of the resonator, programming
methodology of the oscillator, etc. are only available
under a non-disclosure fees-associated agreement. No

commercial available oscllator ICs are known to be
available yet in pairing with this MEMS resonator.

Infrared and phase contrast visible
light microscope photos

Fig. 14 Packaged 0.8x0.6x0.15mm3 MEMS Resonators”!

Based on the public information available, one can say
the SiT8002 series MEMS oscillators have a 5.1 MHz
MEMS resonator inside and the oscillator output
frequency is programmed (PLL’ed) from this MEMS
resonator- similar to the PCXOs mentioned in Section 3.
It is of interest to mention the series number SiT8002 is
remarkably similar to that of the SG-8002 series PCXO
from a major crystal oscillator manufacturer.!""
Recalling silicon-based MEMS resonator in general
exhibits an inherent ~-30 ppm/°C frequency stability.
To achieve the frequency stability claimed by the MEMS
oscillators (say 50 to 100 ppm), temperature
compensation is needed- similar to the TCXOs
mentioned in Section 3 except likely a simpler linear
compensation is performed. In summary, the current
MEMS oscillators need to be-

programmed to frequency (like PCXO) and
programmed to compensate frequency stability (like TCXO).

A PCXO needs to go through the following steps after
encapsulation- tested, programmed, and tested (all done
at room temperature). A TCXO needs to go through
the following elaborate and costly steps after
encapsulation- frequency-temperature test over the
temperature range of operation, compensation, and
frequency-temperature  verification test over the
temperature range of operation.  Since the silicon-based
MEMS resonator exhibits a linear frequency-temperature
stability, compensation over the entire temperature of
operation might not be needed to achieve a few tens of
ppm stability. To get better stability, compensation
based on frequencies measured at several temperatures
close to the room temperature might be needed. Based
on the information available so far, several questions
with regard to the cuurent generation off MEMS
oscillators can be posted-

Higher current drain than regular CXO to power the PLL
circuits?



Poorer jitter performance as it's inherent to PLL-based
oscillators?

Digital compensation often creates frequency perturbations
within small temperature increments. Would that present
problems for many applications?

Plastic molding is not hermetic- limitation in applications?

Programming and compensation can be costly?

As for integration, Johnson” commented “Though
Discera's MEMS is cast into a CMOS chip, neither its
nor SiTime's MEMS chips hold circuitry. Today,
adding MEMS to a CMOS chip with circuitry would risk
turning the circuitry to soup by virtue of the high
temperatures needed to sculpt MEMS structures from
silicon.  Consequently, like quartz crystals, MEMS
resonators today require a separate CMOS chip,
containing a feedback path to maintain oscillation, a PLL
to stabilize frequency and other conditioning circuitry to
optimize performance. In the case of quartz crystals,

the CMOS chip is wired to the crystal inside the package.

By contrast, the MEMS resonator, as a planar CMOS
chip itself, can be directly bonded to the chip holding the
circuitry.” As said in the introduction, FBAR
integration is not likely to happen in the foreseeable
future.  The author believes it applies to MEMS
oscillators also.

5. Quartz Plus MEMS Solutions

As said in the introuction, “FBAR, with its small
size, silicon etching process and sacrificial layer removal
step, can be considered as a MEMS component.”
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Fig. 15 (a) Beveled Quartz Crystal and (b) Bi-Mesa Quartz Crystal®

Nowadays many quartz crystal components are
miniaturized and some sorts of MEMS processing steps
are involved- like the double-side photolithography, etch
through, Au etch protection, etc. of miniature quartz
tuning forks; etching steps of bi-mesa type quartz
crystals (Fig. 15)?, Lamé mode quartz crystal®”; etc.
A major crystal oscillator manufacturer already coined

the term “QMEMS” in recognizing the importance of
linking the quartz and MEMS technologies for the next
generations of quartz crystal devices.” Recently both
Discera and SiTime announced their alliances with two
individual quartz crystal manufacturers. " It seems
instead of pushing pure MEMS-based solutions, some
MEMS companies consider the best route is to link up
with the quartz crystal manufacturers to identify markets
which can best use both the quartz and MEMS
techniques.

6. Discussions

This paper discusses and assesses, from the
viewpoint of a quartz crystal manufacturer, the
performances of silicon clocks and MEMS oscillators as
compared with quartz crystal oscillators. This paper is
not to discredit the MEMS oscillator efforts but to help
the quartz crystal manufacturers to understand more
about these products. The author believes MEMS
oscillator technology has yet many issues (technical, cost,
acceptance, etc.) to overcome in order to compete with
the rooted quartz crystal oscillator technology.”"! The
quartz crystal industry, though experiences major
progresses in miniaturization, performance enhancement,
cost reduction, etc. in the past few years, shall have to
continue to retain its competitiveness through further

miniaturization,

cost reduction,

performance improvement,

ease of use improvement,

reliability improvement,

development of new applications,
investigation of Quartz + MEMS techniques,
elc.
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Surface Waves in Micro-machined Phononic Crystals
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Abstract—The existence of elastic band gaps in phononic crystals
(PCs) may lead to development of various acoustic devices, such
as filters and transducers. In this paper, we demonstrate the
existence of the frequency band gaps of surface acoustic waves
(SAW) in micro-machined air/silicon phononic band structures
using layered normal and slanted finger interdigital transducers
(IDT and SFIT). The frequency band gap width and total band
gap of SAW in micro-machined air/silicon phononic crystals are
studied experimentally.

Keywords-phononic crystal; SAW; BAW; Band gap; MEMS

I. INTRODUCTION

Existence of complete band gaps of electromagnetic waves
in photonic band structures extending throughout the Brillouin
zone has demonstrated a variety of fundamental and practical
interests [1, 2]. This has led to rapid growing interests in the
analogous acoustic effects in periodic elastic structures called
the phononic crystals (PCs). Phononic crystals that are made up
of different elastic materials can prevent acoustic waves of
certain frequencies from passing by, and thus, form the
frequency band gap features [3].

On the study of bulk acoustic waves (BAW) in phononic
band structures, the plane-wave expansion (PWE) method was
adopted to calculate band gap features of two-dimensional
periodic composites [4, 5]. Except for the PWE method, the
layered multiple scattering theory was applied to study the
frequency band gaps of BAW in three-dimensional periodic
acoustic composites and the band structure of a phononic
crystal consisting of complex and frequency-dependent Lame”
coefficients [6, 7]. In addition, the finite-difference time-
domain (FDTD) method was applied to predict exactly the
transmission properties of slabs of phononic crystals and to
interpret the experimental data of two-dimensional systems [8-
10]. The FDTD method was also used to calculate the periodic
solid-solid, solid-liquid, and solid-vacuum composites [11].
The coupling characteristics of localized phonons in photonic
crystal fibers were investigated theoretically [12]. Recently,
Sun and Wu [13] investigated and analyzed the mode coupling
in joined parallel phononic crystal waveguides using the FDTD
method with periodic boundary condition. Also, Wu et al. [14]
discussed the design of a highly magnified directional acoustic
source based on the resonant cavity of two-dimensional
phononic crystals.
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The frequency band gap features of surface acoustic waves
(SAW) are studied mainly using the PWE and variational
methods [15-20]. Tanaka et al. [15-17] presented the theory of
surface waves propagating in two-dimensional phononic
crystals consisting of two cubic materials in square lattice, and
also explained the stop band distribution of the surface,
pseudosurface, and bulk waves using the PWE method.
Recently, Wu et al.[18, 19] extended the theory to describe the
phononic crystals consisting of materials with general
anisotropy, and discussed the level repulsion of BAW in
periodic composite materials. In addition, Huang and Wu [20]
also investigated the temperature effect on frequency band gaps
of SAW and BAW in phononic crystals. Except for the PWE
method, Sun and Wu [21] adopted the FDTD method to
analyze the SAW propagating in two-dimensional phononic
waveguides.

On the experimental side, the detection and control of the
high frequency sound were investigated in a dual-core square-
lattice photonic crystal fibre perform using the interferometric
set up [22]. Vines et al. [23, 24] conducted experimental study
on surface waves generated by a line-focus acoustic lens at the
water-loaded surfaces of two-dimensional superlattices that
intersect the surface normally. Propagation of Scholte-like
acoustic waves at the liquid-loaded surfaces of periodic
structures has also been studied [25]. Rayleigh wave
attenuation in a semi-infinite two-dimensional elastic-band-gap
crystal, and surface state phenomena in linear and point defects
were reported and discussed [26, 27].

Experimental studies on the band gap features of phononic
crystals existed in the literature are mostly with the dimension
in the order of mm and frequency in the kHz range. Toward the
application of phononic crystals to the silicon based MEMS
components, such as low insertion loss filter, micro acoustic
channel etc., it is necessary to reduce the size to micrometer (or
even further in the nanometer) scale and the frequency in the
ranges from couple hundred MHz to couple GHz. Recently,
Wu et al. [28, 29] investigated the frequency band gap features
of surface waves in micro-machined air/silicon phononic band
structures. The experimental setups were designed to
demonstrate the frequency band gap of SAW propagating
along the [100] direction of air/silicon phononic band
structures using layered interdigital transducers (IDT) and
slanted finger interdigital transducers (SFIT) for single and
wideband frequencies, respectively.



In this paper, we summarized the recent study on the
measurements of SAW band gaps in air/silicon phononic band
structures. The theory of SAW in phononic crystal is briefly
introduced first. Then, calculated results of band gaps in
air/silicon phononic crystals with different filling fractions are
presented and discussed. To measure the band gaps of the
micro-fabricated phononic crystals, both of the normal IDT and
slanted IDT are introduced. Finally, previous results on the
SAW band gap measurements for SAW propagates along the
[100] direction of silicon are summarized. Finally, a series of
experiments designed for testing the total band gap of the
air/silicon phononic crystals are conducted and discussed.

II. SURFACE ACOUSTIC WAVES IN PHONONIC CRYSTALS

In the following, formulation for calculating SAW band
gap of phononic crystal is summarized [18]. In an
inhomogeneous linear elastic medium with no body force, the
equation of motion of the displacement vector u(r,z) can be

written as
p(r)uz (rat) = aj[cijmn(r)an m (rst)]’ (1)

r=X,z)=(x,y,z) is the
p(r)and Cy,, (r) are the position-dependent mass density and

where position  vector;

elastic stiffness tensor respectively. A phononic crystal
composed of a two-dimensional periodic array (x-y plane) of
material 4 embedded in a background material B is considered.
Due to the spatial periodicity, the material constants, p(X) and

Cijmn(X) can be expanded in Fourier series with respect to the

two-dimensional reciprocal lattice vectors (RLV), G=(G1,G»),
as

pX)=> e pg, 2)
G
Chmn () = D %™, (3)
G
where pg and Cgm" are the corresponding Fourier
coefficients.

On utilizing the Bloch’s theorem and expanding the
displacement vector u(r,¢) in Fourier series for the analyses of

surface and bulk waves, we arrive

U(r t) Z iK-X— m)t(elGXA ezk Z) (4)

where K = (k,k,) is the Bloch wave vector, w is the circular
frequency, k, is the wave number along the z direction, and

Ag is the amplitude of the displacement vector. It is noted that
as the component of the wave vector &, equal to zero, Eq. (4)

degenerates into the displacement vector of a bulk acoustic
wave. On substituting Egs. (2), (3) and (4) into Eq. (1), and
after collecting terms systematically, we obtain

(Ak? +Bk, +C)U =0, (5)

where A, B, and C are 3nx3n matrices, and are functions of the
Bloch wave vector K, components of the two-dimensional RLV,
circular frequency w, the Fourier coefficients of mass density

ijmn

pPc and components of elastic stiffness tensor CZ™" . n is the

total number of RLV used in the Fourier expansion, and U is
the eigenvector. The expressions of the matrices A, B, and C
were listed in [18].

By applying the traction free boundary conditions on the
surface, the dispersion relation for surface waves propagating
in the two-dimensional phononic crystals, with both of the
filling and background materials belonging to the triclinic
system can be obtained. When &, in Eq. (§) is equal to zero,

the equation degenerates into
CU=0. (6)

Eq. (6) can be utilized to calculate the dispersion relations
of bulk waves propagating in the two-dimensional phononic
crystals.

III. BAND GAP CALCULATIONS OF AIR/SILICON PHONONIC
CRYSTALS

In the following, two-dimensional phononic crystal with
square lattice consisting of circular cylinder (4) embedded in a
background material (B) with lattice spacing a is considered
and shown in Fig. 1(a). Figure 1(b) is the surface Brillouin
region of a square lattice in which the reciprocal lattice vector
is G=(22N,/a,22N,/a) , where N,,N, =0,£1,£2,--- and
the filling fraction is ff= m?/a’. The irreducible part of the
surface Brillouin zone of a square lattlce is shown in Fig. 1(b),
which is a triangle with vertices T , X ,and M.
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Figure 1. (a) Two-dimension phononic crystals with square lattice; (b)
Surface Brillouin zone of a square lattice. (adopted from [29])



Figure 2 shows the results of SAW and BAW modes
propagating on the surface of a two-dimensional air/silicon
phononic band structure. The vertical axis is the normalized

frequency (" = wa/C,) and the horizontal axis is the reduced

wave vector (k* = ka /). C, and k are the shear velocity of Si
and the wave vector along the Brillouin zone, respectively. In
the calculations, the x-y plane is parallel to the (001) plane and
the x axis is parallel to the [100] direction of the silicon. As
shown in Fig. 2, along the T - X boundary of the irreducible
Brillouin zone, the fundamental and the higher surface wave
modes are belonging to the normal SAW modes (solid circles).
For comparison, the dispersion relations of the bulk modes are
also shown in Fig. 2. The thin solid lines represent the
fundamental (SV,) and the higher shear vertical modes (SV)).
The square symbols are those for the fundamental modes (L;).
The bold solid lines represent the fundamental shear horizontal
modes (SHy), while the lines with “x” symbols represent the
higher shear horizontal modes (SH;).
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Figure 2. The dispersion relations of the SAW and BAW modes along the

T-X boundary of the irreducible part of the Brillouin zone.

The frequencies w;, w, and the SAW band gap width
(Aw=w,—-w, ) as a function of the filling fraction are

calculated and shown in Fig. 3. The left vertical axis is the
normalized frequency, the right vertical axis is the band gap
width, and the horizontal axis is the filling fractions. The solid
circles represent the fundamental and higher SAW modes
while the open circles with dash lines represent the band gap
widths of SAW modes at the X point. We note that the
frequencies w; and w, decrease as the filling fraction of the
band structure increases. The SAW band gap widths Aw
increase as the filling fraction increase and reach the maximum
value at about ff= 0.48. In Fig. 3, the vertical dash line
indicates the locations of the frequencies w;, @, and the
frequency band gap widths of SAW modes at ff= 0.385.
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Figure 3. The variations of the frequencies w;, w, and the band gap widths
due to the filling fraction. The band gap width is defined as Aw = @y — @ .

The left vertical axis is the normalized frequency, the right vertical axis is the
band gap width, and the horizontal axis is the filling fractions.

On the other hand, the existence of a total band gap in a
phononic crystal means that waves within the band gap
frequency are forbidden along any propagating direction. For
the case of two-dimensional air/silicon phononic crystals, the
calculated results showed that total band gap exist only when
the filling fraction is high enough. Shown in Fig. 4 is the
dispersion of SAW and BAW modes in the phononic crystal
with filling fraction equal to 0.608 and a= 20 pm. The total
band gap frequencies of the two-dimensional air/silicon
phononic crystals are located from 126 MHz to 181 MHz.

Dispersion relations of BAW and SAW modes,
Cylinder: Air / Base: Si, ff = 0.608
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Figure 4. The dispersion of SAW and BAW modes in the phononic crystal
with filling fraction equal to 0.608.

IV. LAYERED IDT/ZNO/SILICON SAW DEVICES

In order to measure the band gaps of SAW in the air/silicon
phononic crystal, SAW delay line was introduced to generate
high frequency acoustic waves. Since silicon is not a
piezoelectric material, thin piezoelectric film has to be coated



on top of the silicon. A schema of the layered SAW delay line
with slanted finger interdigital transducer (SFIT/ZnO/Si) is
shown in Fig. 5.

Phononic Crystal

Figure 5. A schema of the layered SAW delay line with slanted finger
interdigital transducer (SFIT/ZnO/Si ).

Unlike the half-space SAW filter, the phase velocity of a
layered SAW device is dispersive. Consequently, the
dispersion has to be considered in the design of a layered SAW
device [30]. The main difference between layered and half
space structures is that the phase velocity and
electromechanical coupling coefficient are dispersive and
therefore function of frequency. So when we employ the
coupling of mode (COM) model [31] to analyze a layered
SAW device, some of the COM parameters become frequency-
dependent and have to be considered in the analysis [32]. The
dispersive COM parameters in layered structures include phase
velocity shift, reflection coefficient, transduction coefficient,
IDT capacitance, and propagation loss. In this study, the
dispersion of the COM parameters was included in the
calculation of the frequency response of the layered SAW
device utilized in the band gap measurements.

V. MEASUREMENT RESULTS AND DISCUSSION

In the following, fabrication processes of the two-
dimensional phononic band structures are introduced briefly.
Firstly, the layered SAW devices are fabricated by the lift-off
method. Then the square regions of ZnO film between the
input and output IDT (or SFIT) are etched out by wet-etching
process in order to fabricate the air/silicon phononic crystal on
the silicon substrate. At last, after the conventional lithography
process, the periodic cylinders of two-dimensional air/silicon
phononic crystal can be carried out by ICP etching (Inductively
Coupled Plasma-reactive ion etching) process. In this paper,
depths of the two-dimensional periodic cylinders are at least 80
um. Since the energy of SAW modes is mostly confined to a
depth of one to two wavelengths of the SAW, the finite slab is
suitable for discussing the frequency band gap features of
SAW modes.

(1). Measurement of SAW band gap width along [100]
direction using layered SFIT

In [29], the experimental setup (Fig. 5) was designed to
demonstrate the frequency band gap width of SAW
propagating along the [100] direction of air/silicon phononic
band structures using the layered SFIT for wideband
frequencies. In Fig. 5, silicon based phononic crystals
consisting of six rows of air cylinders and the layered SAW
systems (two SFITs and one delay line) were fabricated. In the
experiment, the lattice constant a=10 pm, the radius of the
circular cylinder 73=3.5 pum, and the filling fraction ff=0.385.
The predicted frequency band gap along the x axis was located
between 183 MHz and 215 MHz.

In Fig. 6, the frequency band gaps of the air/silicon
phononic crystals were revealed by the layered SFIT in the
range of pass-band frequency. The vertical axis is the insertion
loss in units of dB and the horizontal axis is the frequency in
units of MHz. The S,; parameter was measured from the
network analyzer as the insertion loss. The rectangular region
represents the frequency band gap of fabricated phononic
crystals with six rows of air cylinders. The dashed line and
solid lines denotes the measurements with and without
phononic crystals respectively. The two dashed lines are the
results of different sets with the same design. We found that the
insertion loss that is measured with phononic crystals in the
range of pass-band frequency is clearly lower than those
without phononic crystals. Most of the SAW energy was
blocked by phononic band structures. The result showed good
agreement with the theoretical evaluation by the PWE method.

SAW propagation along [100] direction

Insertion Loss (dB)
&
o

[-mwith PC (set 1))

-100 —=with PC (set 2)| |
|—without PC |

1 15 2 25 3

Frequency (Hz) ¥ 108

Figure 6. The frequency band gaps of the phononic crystals are revealed by
the layered SFIT in the range of pass-band frequency. The rectangular region
represents the frequency band gap of fabricated phononic crystals with six
rows of air cylinders.

(2). Measurement of SAW total band gap using layered IDT

In this paper, to verify the total band gap of SAW in two-
dimensional air/silicon phononic crystals, a series of band gap
measurements using the layered IDT were conducted. In the
design, the lattice constant was chosen as 20 pum, and the radius
of the circular cylinder was equal to 8.8 um. The calculated
total band gap frequencies are located between 126 MHz and
181 MHz. According to the band gap frequencies, the
corresponding design propagating frequencies were chosen as
100, 140, and 200 MHz. One was located in the total frequency
band gap (140 MHz) and the other two were not (100 and 200



MHz). Five different propagation angles of SAW devices in
this experimental setup were selected as 0°, 26.565°, 45°,
63.435° and 90°.

Figures 7-9 show the frequency responses of SAW passing
through phononic crystals. In the figures, there are three
diagrams which indicate the results of SAW propagating along

the three different angles, i.e., 0°, 26.565°, and 45°. Due to
the symmetry, the frequency responses at angles 63.435° and

90° are similar to those at 26.565° and 0°, respectively and
therefore are not shown in this paper. In each diagram, the
dashed and solid lines represent the measurements with and
without phononic band structures. The results shown in Figs. 7
and 9 are those for the designed frequencies located in the pass-
band frequencies, one is below the total frequency band gap
and the other one is above the total frequency band gap. The
results showed that rather severe attenuations are found in the
results, nevertheless, transmission of the high frequency waves
through the phononic band structures still can be identified
clearly.

The results shown in Fig. 8 are those for the designed
frequency located in the total frequency band gap. In contrast
to those shown in Figs. 7 and 9, the frequency responses
showed a total vanishing of the incident SAW. This shows that
the incident SAW has been completely blocked by the
phononic band structures.

From the series of experiments shown in this subsection,
we have demonstrated the transmission of high frequency
SAW through a phononic band gap structure so far if the
frequency is not located in the total band gap frequencies.
However, we note that big attenuation due to the scattering and
material damping has been found in the present cases of
air/silicon phononic band structures. On the contrary, the
results also showed that there is almost no energy can penetrate
through the phononic band structure even for the small number
of rows of the air cylinders (six in this paper). This means that
air/silicon phononic band gap structure can serve as a very
good wave isolator.
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VI. CONCLUSION

In this paper, we summarized the recent study on the
measurements of SAW band gaps in air/silicon phononic band
structures. Layered SAW devices were employed to generate
high frequency SAW in the micro-fabricated phononic band
structures. Normal IDT was used to demonstrating the
transmission and blocking of SAW in the phononic band
structures. The slanted IDT was utilized to measure the
bandwidth of the band gap. The experimental results
demonstrated the transmission characteristics of high frequency
SAW in the micro-fabricated phononic band structures. In the
stop band, the transmission of SAW is completely blocked by
the phononic band structure, even for the small number of air
cylinder rows was used. The results of this study may serve as
an important basis for the study of micro-acoustic waveguides.
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